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Résumé : Les normes environnementales de plus en plus sévéres en matiére d'émission de polluants
imposent une rupture technologique aux industries du domaine de la combustion. Une solution efficace
pour réduire la formation de polluants consiste 3 maintenir une température de flamme relativement
basse en opérant a des régimes de combustion pauvres. Cependant, les flammes a basse température
sont sujettes a des instabilités et des extinctions, ce qui pose des problémes de sécurité. Une solution
émergente pour permettre |'allumage et la stabilisation des flammes dans des régimes pauvres, adaptée
a une large gamme d’applications de combustion, consiste a appliquer des décharges plasma a la base
de la flamme. Parmi ces différents types de décharges, les décharges NRP (Nanosecond Repetitively
Pulsed discharges) se sont révélées particuliérement efficaces. Ces décharges générent un plasma hors
équilibre qui induit un échauffement local et une production importante d'espéces actives suffisante
pour favoriser la combustion. Malgré une efficacité démontrée expérimentalement, les mécanismes de
la combustion assistée par plasma ne sont pas compris, soulignant le besoin de simulations numériques.
Un modéle phénoménologique de plasma a été récemment développé pour capturer l'influence des
décharges NRP sur le processus de combustion a un faible cotit de CPU. Le modéle est implémenté
dans un code CFD a faible nombre de Mach, YALES2, pour réaliser des simulations 3D a grands
echelles (LES) d'allumage et de combustion assistés par plasma dans des configurations industrielles.
Les séquences d'allumage de la configuration expérimentale flow tunnel, une chambre de combustion
de méthane-air en écoulement, et de la configuration Mini-PAC, un brileur méthane-air prémélangé
turbulent avec un accroche flamme, par une série d'impulsions de décharge NRP sont simulées pour
donner un nouvel apercu des mécanismes d'interaction entre la combustion et les décharges plasma.
Des simulations LES de stabilisation de la flamme par des décharges NRP sont ensuite réalisés pour
comprendre les mécanismes physiques et chimiques impliqués dans la combustion assistée par plasma.
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Abstract : The more and more severe environmental norms on pollutant emission impose a technolo-
gical breakthrough to combustion-related industries. An efficient solution to reduce pollutant formation
is to maintain a relatively low flame temperature by operating at lean combustion regimes. However,
low-temperature flames are subject to instabilities and extinction, causing safety issues. An emerging
solution to enable flame ignition and stabilization in lean regimes, suitable to a wide range of com-
bustion applications, is to apply plasma discharges at the flame basis. Among these various types of
discharges, the Nanosecond Repetitively Pulsed discharges have shown to be particularly efficient. These
discharges generate a non-equilibrium plasma that induces a local heating and an important production
of active species sufficient to enhance the combustion. Despite this proven efficiency demonstrated
experimentally, the mechanisms of plasma assisted-combustion are not understood, highlighting the
need of numerical simulations. A phenomenological plasma model have been recently developed to
capture the influence of NRP discharges on the combustion process at low CPU cost. The model is
implemented in a low-Mach number CFD code YALES2 to perform 3-D Large Eddy Simulations (LES)
of plasma-assisted ignition and combustion in practical configurations. The ignition sequences of the
flow tunnel experimental setup, a flowing methane-air combustion chamber, and the Mini-PAC confi-
guration, bluff-body turbulent premixed methane-air burner, by a series of NRP discharge pulses are
simulated to give new insights into plasma discharge combustion interaction mechanisms. LES of the
Mini-PAC burner flame stabilization by NRP discharges are then conducted to understand the physical
and chemical mechanisms involved in plasma-assisted combustion.
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1.1 General context

More than 80% of the world’s primary energy is today produced by burning
fossil fuels, including oil, natural gas and coal (International-Energy-Agency
(2022)). A situation that is unsustainable due to the depletion of available fos-
sil resources and the harmful impact of fossil fuel combustion processes exhaust
gases, such as carbon dioxide (COsz), carbon monoxide (CO), nitrogen oxides
(NOx), soot, on the environment and human health. Since the COVID19 crisis,
research in the field of combustion has been reoriented toward the development
of alternative concepts for sustainable energy production and the replacement
of fossil fuels with low-carbon or carbon-free fuels, such as hydrogen, ammonia
or synthetic fuels, that can meet the increasing energy demand while minimiz-
ing environmental impacts.

Low and non-carbon fuels manufacturing processes start with the hydrogen
(Hg). Produced renewably from green energy sources (solar or wind energy)
via the electrolysis of water or steam reforming of fossil fuel (Midilli and Dincer
(2008); Ziittel et al. (2010)), Hy can be utilized directly as fuel or transformed,
to facilitate transport, storage and use in current combustion systems, into
ammonia (NH3) by combining it with nitrogen (N3) (Rivarolo et al. (2019))
or into synthetic fuels (Brynolf et al. (2018)), also referred to as e-fuels, by
mixing it with COs captured from the atmosphere. The produced ammonia
and e-fuels (e-methane, e-methanol, e-kerosene, ...) can in turn be used as fuels.
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The strategy of using the hydrogen, hydrogen mixed with fossil-fuels, ammonia
or synthetic hydrocarbons as fuels to achieve high combustion efficiency and
low pollutants emission has been widely investigated and employed in internal
combustion (Chintala and Subramanian (2017); Hénggi et al. (2019); Akal
et al. (2020); Cardoso et al. (2021)) and gas turbine engines (Valera-Medina
et al. (2017); Bothien et al. (2019); Elbaz et al. (2022)). Despite significantly
reducing emissions when compared to fossil-based fuels these new fuels continue
to generate emissions. Since there is no carbon in hydrogen fuel, the emission
of greenhouse gases CO, CO4 and soot is prevented. However, the high burn
rate of hydrogen promotes NOx formation and intensifies flame instabilities and
the risk of flashback due to the resulting high flame speeds and temperatures
(Ilbas et al. (2005)). Similarly, the high nitrogen density in ammonia makes
it a significant source of NOx. In addition, ammonia-air mixtures suffer from
poor ignition quality and narrow flammability limits due to theirs low burning
velocity (Kobayashi et al. (2018)). Concerning the e-fuels, the recycling circle
allows the reduction of CO4 emissions. It does not however prevent the forma-
tions of pollutants such CO and NOx.

To counter these negative aspects, research on low CO and NOx combustion
has been undertaken. Studies have shown that the combustor primary-zone
temperature is the key factor in the mechanisms of pollutants formation (Hey-
wood (1988); Masiol and Harrison (2014)). Lefebvre and Ballal (2010) observed
that CO production increases exponentially at temperatures lower than 1670
K, while overproduction of NOx is triggered at temperatures higher than 1900
K. The region for low CO and NOx emissions is limited between these two
temperatures [1670 K, 1900 K]. The objective is therefore to find the optimal
range(s) of operating conditions that guarantee temperatures in the combus-
tion chamber between these two limits.

A solution to control the primary-zone temperature is to adapt the mixture
equivalence ratio. The equivalence ratio is a key combustion variable, which
compares the effective fuel-to-oxidizer ratio to the stoichiometric fuel-to-oxidizer

o Yom/Yo,
ratio (¢ = (YcH4/Y02)st

hydrocarbon-air mixture as a function of the equivalence ratio presented in
Fig. 1.1, show that low temperature flames that limit pollutant production are
obtained by operating at lean premixed combustion regimes where the oxidizer,
usually air, is in excess compared to the stoichiometric mixture composition (¢
< 0.8). For certain fuel-air mixtures, low-temperatures are also reached in rich
combustion regime where the fuel is in excess ¢ > 1.6). However, this solution
is not viable as it leads to an over-consumption of fuel and the formation of
pollutants such as carbon monoxide CO and soot (Frenklach and Wang (1994)).

)). Analysis of flame temperature evolution for various

Lean premixed and partially-premixed combustion are the strategies relayed
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Figure 1.1: The adiabatic flame temperature as a function of the equivalence ratio
for various fuel-air miztures at atmospheric pressure. Extracted from Law (2000).

on in the the development of future combustion systems. Lean burn com-
bustor concepts like lean direct injection (LDI) burners (Tacina et al. (2003);
Marek et al. (2005)) or flameless combustion furnaces (MILD De Joannon et al.
(2000); Galletti et al. (2009)) have been designed in the past few years and
have shown promising capabilities to enhance combustion efficiency and lower
pollutants emission. These technologies suffer however from a major draw-
back, difficulties of ignition, incomplete combustion and the increase of flame
instabilities consequence of low flame temperatures that induce slower chemical
reactions.

The challenge is to develop a novel flame ignition and stabilization methods
to achieve efficient ultra-lean combustion. Usual approaches that consist in
using conventional Spark-Ignition devices or optimizing flow dynamics in the
combustion chamber to improve the flames ignition and stabilization failed
to work in lean mixtures (Quader (1976); Barbosa et al. (2015)). Over the
past decade, new techniques have been investigated, among which the plasma-
assisted combustion which consists in applying electrical discharges at the flame
basis to generate a non-equilibrium plasma that, by interacting with the flame,
improves the combustion. Studies using plasma torch (Takita et al. (2000);
Kobayashi et al. (2004)), microwave discharge (Esakov et al. (2004)), gliding
arc discharges (Williams et al. (2004)), streamer high frequency (HF) discharge
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(Klimov et al. (2004)), surface discharge (Shibkov et al. (2004)), or Nanosec-
ond Repetitively Pulsed (NRP) discharges (Kruger et al. (2002)) have showed
that non-equilibrium plasmas can significantly enhance the ignition process and
flames stability over a wide range of combustion applications (Starikovskiy and
Aleksandrov (2013); Ju and Sun (2015)). Among the various types of plasma
discharges, the NRP discharges have proven to be particularly efficient. These
high voltage pulsed discharges have been successful used to ignite lean com-
bustion chamber (Pancheshnyi et al. (2006); Xu et al. (2015); Lefkowitz and
Ombrello (2017)), extend lean flammability limit (Barbosa et al. (2015); Kim
et al. (2020); Di Sabatino and Lacoste (2020)) and improve flames stability
(Pilla et al. (2006); Kim et al. (2007); Blanchard et al. (2021)). In their
recent works, Choe et al. (2021) and Choe and Sun (2022) have shown that
NRP discharges can simultaneously reduce NOx emission and extend the lean
blow-off-limits of ammonia flames. Figure. 1.2 shows NHs* chemiluminescence
photographs of ammonia-air flames (a) without and (b) with plasma at an
equivalence ratio ¢ = 0.71. The application of NRP discharges allows to sta-
bilize the lifted ammonia flame near the burner and to improve the combustion.

Figure 1.2: Broadband chemiluminescence of ammonia flame (a) without and (b)
with plasma at ¢ = 0.71. Extracted from Choe and Sun (2022).

Despite this proven efficiency, the fundamental mechanisms of plasma-assisted
combustion are not well understood. Also, the numerical tools needed by engi-
neers to assess the performance of NRP discharges in practical configurations
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and optimize their design do not exist. To address these issues, the ANR project
PASTEC (Plasma-ASsiTEd Combustion) project was put in place with the
objective of developing and validating against experiments a modeling route
suitable to perform simulations of realistic turbulent combustion systems ac-
counting for plasma-flame interactions. The simulations will give insights into
the mechanisms of combustion enhancement by NRP discharges.

1.2 PASTEC project

The PASTEC (Plasma ASsisTEd Combustion) research project is a part-
nership project between four reseach laboratories: EM2C laboratory, a CNRS
research unit associated with the Centrale-Supelec school, CORIA laboratory,
a partnership between the CNRS, the University of Rouen Normandy and the
INSA school in Rouen, LLP laboratory, a CNRS research unit associated with
Ecole Polytechnique Palaiseau, CERFACS, a research organisation develop-
ing advanced methods for numerical simulation, and the industrial company
SAFRAN HELICOPTER ENGINE, a member of the Propulsion branch of the
Safran Group and a world leader in the design, production, sale and support
of gas turbine engines for helicopters.

The objectives of the project are to develop and validate a modeling strategy
able to perform numerical simulations of plasma-assisted combustion from aca-
demic to industrial environment and investigate the mechanisms of interaction
plasma-flame that lead to combustion enhancement. To achieve this goal, the
project is divided in five tasks:

Task 1 is the experimental study of the Mini-PAC configuration. The first
objective of this task, led by CORIA, is to characterize the discharge
properties in an environment representative of a combustor. This exper-
imental characterization will be used to validate the detailed simulation
of the plasma-flame interactions carried out in task 2. The second ob-
jective is to provide flame-scale data to validate the LES plasma-assisted
combustion model developed in task 3.

Task 2 conducted by CERFACS, is devoted to detailed numerical simulations
of plasma-assisted combustion. A first objective is to capture the impact
of the plasma on the combustion chemistry, by developing an analyti-
cal chemical scheme taking into account chemical species created during
the plasma phase. A second task, in collaboration with the LPP, is the
development of a discharge code capable of simulating NRP discharges.
The outputs of this code are the spatial and heat and chemical species
distributions, which can be used in task 3. The discharge code combined
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with the new combustion chemistry will be applied to the Mini-PAC con-
figuration, in order to be compared with the measurements and results of
task 3 on the same configuration.

Task 3 carried out by the EM2C numerical team, aims to develop and validate
a LES plasma-assisted combustion model, using the discharge character-
izations obtained in task 1 and task 2. The model will be then used to
perform LES simulation of turbulent flames ignition and stabilization on
practical configurations such us the Mini-PAC burner. The results of the
simulations will be analyzed to understand the mechanisms of interaction
between the plasma discharges and the flames.

Task 4 conducted by the EM2C experimental team, is dedicated to the exper-
imental study of the lean blow off limit extension by plasma discharge on
the the BIMER industrial configuration.

Task 5 conducted by the industrial partner SAFRAN HELICOPTER EN-
GINE, aims to simulate a helicopter combustion chamber with plasma
discharges.

1.3 Thesis objectives and outline

This work is part of the third task of the PASTEC project. The objectives are
to define and validate a numerical modeling strategy adapted for the simula-
tion of plasma-assisted combustion in academic and industrial configurations.
Then, to use the retained strategy to perform numerical simulations of flames
ignition and stabilization by NRP discharges. Finally, to analyze the simula-
tions results in order to understand the mechanisms of interaction between the
plasma discharges and the flames.

The manuscript is organized into three parts briefly described below.

Part I is dedicated to the elaboration, implementation and validation of a mod-
eling strategy for the simulation of plasma-assisted combustion. In Chapter. 2
presents the different types of plasma discharges and their characteristics with a
focus on Nanosecond Repetitively Pulsed (NRP) discharge and their effects on
combustion. The conventional plasma-assisted combustion numerical models
are then reviewed and their limit discussed. Finally, novel phenomenological
plasma model is introduced and described. This model is retained in this work
to perform 3-D simulations of plasma-assisted combustion. In Chapter. 3, The
YALES?2 code used in the simulations is introduced. The fundamentals of tur-
bulent combustion modeling are briefly presented. The LES approach and the
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turbulent combustion model TFLES are then described. Next, the coupling
between the set of LES governing equations and the phenomenological NRP
discharges model is detailed and validated against experimental data.

Part II is dedicated to the numerical investigation of flame ignition by NRP
discharges. Chapter. 4 discusses the limits of conventional ignition devices and
the advantages of using NRP discharges for the ignition of lean combustion
chambers. 3-D numerical study of flame ignition by a single NRP discharge
pulse and the impact of the discharge hydrodynamic effects, performed using
the phenomenological plasma model, is then presented. Chapter. 5 is devoted
to the simulation of the flow tunnel configuration ignition by a series of NRP
discharge pulses and the study of the flow and discharge parameters impact on
the ignition efficiency. In Chapter. 6, the phenomenological NRP discharges
model is used to simulate the ignition a bluff-body turbulent premix burner,
the Mini-PAC configuration, representative of industrial combustors. Simula-
tion results are analyzed to identify the interaction mechanisms between the
thermal and chemical effects induced by the discharges and the combustion
kinetics. In Chapter. 7, a low-order model of plasma-assisted ignition based
on a perfectly stirred reactor (PSR) is derived. The model is used to perform
parametric studies of flames ignition by NRP discharges to identify the optimal
set of discharge parameters to used to initiate the combustion.

Part III is dedicated to the numerical study of flame stabilization by NRP dis-
charges. A review of recent plasma-assisted combustion experiments performed
with NRP discharges is presented in Chapter. 8. In Chapter. 9, Numerical sim-
ulations of turbulent flame stabilization by NRP discharge are preformed on
the Mini-PAC configuration using the phenomenological plasma model. The
results are compared to the experimental measurements obtained in task 1 of
the PASTEC project. In Chapter. 10, A detailed chemical analysis of the Mini-
PAC simulations is conducted in order to understand the mechanisms of flame
stabilization by NRP discharges.
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model

In this chapter, the numerical models developed for plasma assisted
combustion simulations are described and examined in order to define
the best strategy to adopt to investigate numerically the mechanisms of
flames ignition and stabilization by plasma discharge in practical config-
urations. The physics of plasma discharges and their characteristics are
first presented with a focus on Nanosecond Repetitively Pulsed (NRP)
discharge and their effects on combustion. The conventional numerical
strategies deployed to solve the set of equations governing the plasma
and combustion phenomena are then described. Next, The limits of
the conventional numerical strategies and the necessity of developing a
simplified plasma are discussed. Finally, the principle and the mathe-
matical framework of novel phenomenological plasma model developed
by Castela et al. (2016) to capture the effects of NRP discharges on
combustion at low CPU cost are presented. This model has been re-
tained in the present work to perform the simulations of flames ignition
and stabilization by NRP discharges.
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2.1 Introduction

To reduce pollutant emissions such as nitrogen oxides, lean combustion cham-
bers are under development in many energy-related sectors. However, a recur-
ring problem to industrial applications is that lowering the flame temperature
slows the chemical reactions, causing difficulties to ensure successful ignition
and stabilization of the flames over the wide range of operating conditions
covered by practical applications. An emerging solution to promote flames ig-
nition and stabilization is to generate high-voltage electric discharges between
two electrodes located inside the combustion chamber. It generates locally a
plasma, which interacts with the combustion and enhance it. To fully control
the ignition and stabilization of flames by plasma discharge a complete under-
standing of the governing physics is necessary. This chapter is dedicated to
the elaboration of a modeling strategy for the simulations of plasma-assisted
combustion in order to investigate the mechanisms of interactions plasma-flame.

The chapter is organized as follows. Section. 2.2 gives a brief introduction to
plasma physics. Section. 2.3 describes the different types of plasma discharges
and their characteristics. Among the various types of discharges, Nanosecond
Repetitively Pulsed (NRP) discharges have shown to be a particularly energy
efficient way to initiate and control combustion. This work investigate the
impact of these discharges on combustion. Section. 2.4 focuses on the descrip-
tion of (NRP) discharges and their interaction with combustion. Section. 2.5
presents the conventional numerical method used to simulate plasma-assisted
combustion and shows some of the simulations results obtained lately. The
limitations of this method and the necessity of developing a simplified plasma
models for the simulations of practical configurations are also discussed. Sec-
tion. 2.6 presents the novel simplified phenomenological plasma model devel-
oped by Castela et al. (2016) to capture the effects of NRP discharges on
combustion at low CPU cost.

2.2 The 4'" state of matter

Plasma is considered as the 4" state of matter. It is a collection of neutral and
charged particles which are electrically neutral on average and exhibit collective
effects. This state is reached when an important quantity of energy is brought
to a gas mixture causing the excitation, the dissociation and the ionization of
the species that compose it (Ju and Sun (2015)). There are two types of plas-
mas: equilibrium or hot plasma in which the electron temperature, rotational
and vibrational temperatures of particles are in equilibrium and the neutral
gas temperature and electron number density are very high. Non-equilibrium
or cold plasma in which the electronic, vibrational, and rotational temperatures
are very different and the neutral gas temperature and electron number density
are relatively low (Ju and Sun (2015); Starikovskiy and Aleksandrov (2013)).
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Plasmas are extremely common in the Universe (stars, nebula, solar wind ...)
accounting for more than 99% of ordinary matter, but are rarely a natural
phenomenon on the surface of the earth as the conditions under which they
appear are far from the temperature and pressure conditions of the Earth’s at-
mosphere. However, the study of plasmas undertaken in the last decades made
possible the production of plasma at industrial scale such as electric discharges,
propulsion plasma, nuclear fusion, with applications in a wide variety of fields:
astrophysics, aerodynamics, biological combustion. Figure. 2.1 shows a classi-
fication of plasmas ordered by their energy, temperature of their electrons, and
the density of charged particles.

1010- _ Fusion I'C{IIOI'
~ 10°
5 Nebula
) . Solar core
=
o
2
Industrial
g fCﬂC:O(
Flames Water
plasma
102‘"'I""l""l""i""l'
107 10° 10° 10" 10" 107
electron density (cm™)
Figure 2.1: Classification of mnatural and laboratory plasmas in a log-
arithmic  diagram of charges density and temperature. Taken  from

https: //www.lpp.polytechnique.fr/Our-research-in-a-few-words?lang=en.

2.3 Plasma discharges classification

Industrial plasmas are usually generated by applying a potential difference be-
tween two electrodes to create an electric field. The generated electric field
applies a coulomb force on the free electrons present in the inter-electrodes
area which will strongly accelerate them. By colliding with the heavy particles,
the accelerated electrons transfer some of their kinetic energy to the internal
energy states of these particles (vibrational, electronic, rotational and transla-
tional energy states), which leads to their excitation, dissociation and ionization
and therefore the creation of a plasma. This procedure is known as a plasma
discharge. An image of a plasma discharge, a spark NRP discharge, is shown
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as an example in Fig. 2.2.

Figure 2.2: Digital camera image of a spark plasma discharge. Extracted from (Pai
et al. (2008)).

The electron-particle impact processes strongly depend on the electrons en-
ergy (temperature) and density reached in the inter-electrode zone, which in
turn depend on reduced field E/N imposed by the operating conditions and
the experimental setup (applied voltage, gas composition, electrode geometry,
...) and defined as the electric field magnitude E divided by to the gas parti-
cle density N, usually in Townsend units, with 1 Td = 10717 V.cm?. A large
range of electron temperature and number density can be obtained leading to
the creation of different types of plasmas as shown in Fig. 2.3. Among this
variety of plasma discharges, spark and arc discharges are known to produce
equilibrium plasmas with high neutral gas temperature and electron number
density, but a low electron temperature. They have been widely used to ig-
nite reactive mixtures using spark-plug devices (Maly and Vogel (1979); Refael
and Sher (1985); Sher et al. (1992)), however with the disadvantage of con-
suming a large amount of energy. On the other hand, non-equilibrium plasma
generated by electric discharges such as corona, DC, glow, RF, DBD, NSD,
gliding arc, and MW have high electron temperature but low gas tempera-
ture (Starikovskaia (2006)). Among the non-equilibrium plasma discharges,
Nanosecond Repetitively Pulsed (NRP) discharge produce a very strong re-
duced electric field which leads to a significant increase of electrons density
and temperature (Kruger et al. (2002)). The resulting high electrons density
and temperature enable fast electron impact dissociation of chemical species
in large volume and the production of important amount of chemical radicals
that can be used as kinetic enhancers for the combustion (Rusterholtz et al.
(2013)). For this reason, nanosecond repetitively pulsed (NRP) discharges have
attracted increasing interest in plasma-assisted combustion.

The characteristics of NRP discharges and their effects on reactive flows are
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Figure 2.3: Schematic of electron temperature and number density for different dis-
charges, Corona, direct current (DC) discharge, microwave (MW) discharge; dielectric
barrier discharge (DBD), radio-frequency discharge (RF), glow discharge, gliding arc,
nanosecond repetitively pulsed discharge (NRP), arc, magneto-hydrodynamic discharge
(MHD), and flame. Extracted from (Ju and Sun (2015)).
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described in the following section.

2.4 Nanosecond Repetitively Pulsed (NRP) discharges

Nanosecond Repetitively Pulsed (NRP) discharges are characterized by high
voltage pulses (5 to 20 kV) that last few nanoseconds and are repeated at
frequencies of the order of tens of kHz. A schematic representation of these
discharge is shown in Fig. 2.4.

NRP Discharge

s Voltage
100 ps
<>
10 ns time

Figure 2.4: Schematic representation of the pulse voltage in NRP discharges.

The pulses generate a very strong reduced electric field (E/N) that leads to a
significant increase of electrons density and temperature (Kruger et al. (2002))
in the inter-electrode region. Through elastic and inelastic collisions, the high-
temperature electrons transfer part of their energy to the internal energy of the
heavy molecules, which become excited rotationally, vibrationally, electroni-
cally (Stancu et al. (2010); Montello et al. (2013)). The excited molecules will
further relax their energy into heat by energy exchange mechanisms (Starikovskiy
and Aleksandrov (2013)) or into kinetics effect through collisional dissociations
reactions which lead to the production of active radicals such as O, OH and H
(Lo et al. (2012); Rusterholtz et al. (2013); Adamovich et al. (2015)).

Thermal and chemical effects of NRP discharges have been used to enhance the
combustion process. The principle, illustrated in Fig. 2.5, consists of applying
NRP discharges between two electrodes at flame basis to generates heat and ac-
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tive species such as O, OH, H that will likely improve the combustion kinetics
and promote flame ignition and stabilization. Over the past decade benefi-
cial effects of plasma-assisted combustion have been observed in laboratory
and industrial scale burners under the action of NRP discharges. These stud-
ies demonstrated that NRP discharges can successfully ignite lean combustion
chamber (Pancheshnyi et al. (2006); Xu et al. (2015); Lefkowitz and Ombrello
(2017); Merotto et al. (2022)), extend lean flammability limit (Barbosa et al.
(2015); Bak et al. (2012); Kim et al. (2020); Di Sabatino and Lacoste (2020))
and improve flames stability (Pilla et al. (2006); Kim et al. (2007); Bak et al.
(2013); Blanchard et al. (2021)) in both premixed and non-premixed regimes.
These studies are presented in more detail in Chapter. 4 and Chapter. 8.

While experimental studies have demonstrated at several occasions the ability
of the NRP discharge to improve combustion processes, they have not been
able to explain in detail the complex fundamental mechanisms of plasma-flame
interactions specially in realistic turbulent combustion systems. A good candi-
date to do so are the numerical simulations. Tremendous progress in modeling
and in super-computing enables today the simulation of complex multi-physics
phenomenons in industrial combustors (Poinsot and Veynante (2012)). The
simulation of unsteady reactive flows, are an adequate tool to provide the miss-
ing insights in the understanding of emerging plasma-assisted combustion sys-
tems.

The objective of the present work is to elaborate and validate modeling strat-
egy suitable to perform simulations of plasma-assisted combustion in practical
configurations and investigate the plasma-flame interactions mechanisms.

A review of plasma-assisted combustion numerical modeling is performed in
the following sections.

2.5 Conventional plasma-assisted combustion models

The numerical modeling of plasma-assisted combustion is very challenging due
to the wide range of spatial and time scales involved in physics of flame chem-
istry, plasma and turbulence, as shown in Fig. 2.6. The discharge energy de-
position and the plasma kinetic occur within a few nanoseconds on very small
region of a few micrometers between the electrodes when the combustion and
turbulence processes occur on microseconds to milliseconds scales with a typical
size of tens to hundreds of micrometers over all the combustion chamber.

The strategy generally deployed to perform numerical simulations of plasma-
assisted combustion consists in solving two distinct systems of governing equa-
tions. One for the neutral species composing the gas governed by the Navier-
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Figure 2.5: Schematic view of major physical phenomena involved in plasma-assisted
combustion. A nanosecond (repetitively pulsed) discharge generates a plasma in the
vicinity of a flame. Heat and dissociated species (such as the radical O) interact with
the flame front which is wrinkled by turbulence.
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Stokes equations, and second one for the charged species, electrons and ions,
and the electric field generated by the plasma discharge and governed by the
streamers equations. The two systems are coupled through species, energy and
momentum source terms. The Navier-Stokes equations, the streamers equa-
tions as well as combustion and plasma kinetics mechanisms are described in
the following subsections.
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Figure 2.6: Range of spatial and time scales involved in physics of flame chemistry,
plasma and turbulence (courtesy of B. Fiorina).

2.5.1 Navier-stokes equations

The Navier-Stokes equations are used in plasma-assisted combustion to describe
the space-time evolution of neutral species composing the multicomponent re-
acting gas subject to flow transport, combustion and plasma reactions. The
balance equations for mass, momentum, energy and species densities are the
following:

dp | O(pui) _
ot o =0 (2.1)
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where p is the density, u; is the i® component of local flow velocity in direction
Z; , p the pressure and 7;; the viscous tensor defined by:

2 Oy
Tij = —=

ouy 8U1 au]'
3'u oxy

8$]’ + 8331)

55+ (2.5)
with £ the dynamic viscosity and d;; the Kronecker symbol.

In equation (2.3), e refers to the total energy of gas per mass unit, defined as
the sum of kinetic, thermal and chemical energies as follows:

N,
1 =
e = Juiti + ;(esk + ARG )Y, (2.6)

Where ey, , Ah%k and Y} are, respectively, the sensible energy, the enthalpy
of formation and the mass fraction of the k" species.
05 is given by:

ou;
Oi5 = Tij — T;p@'j (2-7)
(2
The energy flux ¢; is the combination of the Fourier flux and the enthalpy flux

induced by the species diffusion:

Nsp

+p Z hi Yy Vi (2.8)
k=1

or
8:61‘

g = —A
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where A is the heat conduction coefficient of the mixture and hy, = hy —|—Ah‘}’ &
is the sum of the sensible enthalpy and the enthalpy of formation of the k"
species.

pY Vi is the molecular diffusion term calculated with the Hirschfelder and
Curtiss approximation.

In equation (3.5), Wy is the molar production rate of the k' species due to the
combustion reactions described in Subsection. 2.5.3.

Unlike neutral species, the charged species produced in the plasma are strongly
affected by the electric field created by the discharge.

2.5.2 Plasma discharge mechanism and streamers equations

During a pulse, the free electrons present in the inter-electrode region are sub-
jected to a strong acceleration induced by the electric field of the discharge.
The collision of the accelerated electrons with the surrounding molecules leads
to the ionization of the heavy species resulting on the release of additional
electrons. The new electrons repeat the same process of acceleration, collision
and ionization, increasing exponentially the total number of electrons and ions.
This phenomenon is known as an electron avalanche (Townsend (1910)). The
increase of the charge density induces an increase of the electric field in the
inter-electrode zone. The acceleration of electrons and ions becomes stronger
and the collisions more frequent. Thus, multiple reactions of excitation, dis-
sociation and ionization take place, creating a plasma. During this process,
the negatively charged species, electrons and negative ions, propagate from the
cathode to the anode forming a negative streamer while the positively charged
species, positive ions, propagate in the opposite direction from the anode to the
cathode forming a positive streamer (Loeb and Meek (1940a); Loeb and Meek
(1940b)) as shown in Fig. 2.7.

Several numerical models have been developed to describe the dynamics of for-
mation of streamers. These models are divided into two categories: particle
models, which follow the individual motion of charged particles (Chanrion and
Neubert (2008); Teunissen and Ebert (2017)) and fluid models, in which the
species are modeled as fluids and evolve following a transport equations (Ku-
likovsky (1997); Pancheshnyi (2005); Celestin (2008); Tholin (2012)). More
recently, Hybrid models, which rely on particle and fluid models, have been
proposed (Li et al. (2010)). they consist of modeling some species using a
particle approach, while the fluid model is used for the others.

The most used method in the literature belongs to the fluid models. Based
on the drift-diffusion approximation (Kushner (2003); Celestin (2008); Tholin
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Figure 2.7: Illustration of a positive streamer propagating from the anode toward the
cathode and a negative propagating from the cathode toward the anode under the effect
of the discharge electric field.

(2012)), it consists in solving only the density of the charged species and the
electric field induced by the discharge using the following equations :
with

one = - . .
B + V- (1(187e = DeVne> = We + Wph (2.9)
3n“+€( Vo= DoV, ) = (2.10)
at nn n n nn - wn .
Bnp =) 7 = . .
STV (np - Dpvnp) = p + Qo (2.11)
V2V = -2 (n, — ny — ne) (2.12)
€0
% = mE (2.13)

where subscripts "e", "p" and "n" refer to electrons, positive and negative ions,

respectively. n; is the number density of species i, D; and p; are the diffusion
coefficient and the mobility of species i, respectively. ¢, is the absolute value of
electron charge, and ¢q is the permittivity of free space. E is the absolute value
of the electric field and V is the electric potential. w,y, is the photoionization
source term and the w; terms stand for the source terms of specie i due to
chemical reactions. The transport coefficients and chemical source terms are
functions of the local reduced electric field E/N, where E is the electric field
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magnitude and N the gas density. The following Poisson equation is solved to
derive the electric field:

E=-VV (2.14)

This model has been widely studied in the literature and has proven its efficiency
for the simulation of streamer discharges at atmospheric pressure (Kulikovsky
(1997); Tholin et al. (2014); Bagheri et al. (2018)).

In addition to ionization reactions, collisions between the accelerated electrons
and surrounding molecules induce energy exchanges as well as excitation and
dissociation reactions related to plasma kinetics. This results in the increase
of the gas temperature and the production of active chemical species that en-
hance the combustion kinetics. The chemical evolution of the system is driven
by the plasma-related reactions and the combustion-related reactions and the
interaction between them. These two kinetics are described in the following
subsection.

2.5.3 Plasma-assisted combustion kinetic mechanisms

Combustion kinetic mechanisms

A combustion kinetic mechanism describes the set of chemical reactions that
take place during the process of fuel oxidation, usually hydrocarbons, by an
oxidizer, usually air, to form combustion products. This transformation is
accompanied by a heat release used in combustion systems as thermal source
of energy. Combustion mechanisms are mainly composed of simple species
dissociation or formation reactions. Considering a system composed by N,
species that react with each other, the reactions can be written as follow:

Nsp Nsp
Z Vi Xk — Z Vyi Xk fori=1,..1 (2.15)
k=1 k=1

Where I/llﬂ- and Vl;/i are the stoichiometric coefficients of the k' species ap-
pearing in the ith reaction as reactant and as product, respectively. X is the

chemical symbol of the k™ species.
The conservation of mass implies:
Nep Nep

> v My =" v M, fori=1,..,I (2.16)
k=1 k=1
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The overall production rate of the k™ species wy, is the sum of all the reaction
rates of the elementary reactions [ :

1
W= Y (Vg — ) Qi (2.17)
=1
Nsp , Nsp ”
Qi = Ky [ [1x,]"5 — Ky [ X075 (2.18)
i=1 j=1

Where @; is the rate of progress of the i*" reaction, [X] is the molar concentra-
tion of the j** species, K 7i and K, are the rate of the forward and backward
reaction.

In combustion, the forward and backward rates of these reactions depend only
on the gas temperature and follow the Arrhenius formula given by:

B

K; = AT exp(———~ 2.19

(2 1 g exp( RTg) ( )

with Ay; the pre-exponential factor, b; a constant, F; the activation energy, T}
the temperature of the gas and R the universal gas constant.

Plasma kinetic mechanisms

Several detailed plasma kinetic mechanisms have been proposed in the liter-
ature (Popov (2001); Popov (2011); Kozak and Bogaerts (2014); Wang et al.
(2018)) to model non-equilibrium plasma reactions in various gas mixtures.
These mechanisms are more complex then the combustion mechanisms as they
include different types of reactions:

e Electron-impact ionization, dissociation and excitation reactions: The
rate constants associated with these reactions depend on the Electron
Energy Distribution Function (EEDF). They are calculated directly as
a function of the reduced electric field E/N by solving the Boltzmann
equation to obtain the EEDF. A two-term approximation solver for the
Boltzmann equation, BOLSIG+ (Hagelaar and Pitchford (2005)). For
examples (Bak et al. (2012)):
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Oy +e= — OFf +2e~ electron-impact ionization .
Os+e” =20 + e electron-impact dissociation.
No+e= — Nyo(A) + e electron-impact excitation.

e Electrons-ions recombination reactions : The rate constants involving
ions-electrons reactions are often calculated as a function of the elec-
tron temperature T, and gas temperature T, following Arrhenius formula
given by :

/

: E; v E!
K; = AiTgb’ exp(—R—jig)Tel eXp(_Ri) (2.20)

An example of this type of reactions (Bak et al. (2012)):
e” + Oy + 0y — 205 electron-ion recombination.

where A; is the pre-exponential constant, b; and b’; are the gas temper-
ature and electron temperature exponents, E; is the activation relative
to the gas temperature, and E’; is the activation energy relative to the
electron energy.

e Quenching of excited states by ground state molecules reactions: The
available rate constants are either constant values or dependent on the
overall gas temperature T,. As an example (Bak et al. (2012)):

Ny(A) + Oy — Ny + 20 quenching dissociation.

In plasma assisted combustion simulations, the detailed plasma kinetic mecha-
nisms are coupled with combustion mechanisms to compute the overall species
production rate (Bak et al. (2012); Cheng et al. (2022)).

2.5.4 Detailed simulations of plasma-assisted combustion

The numerical strategy of solving the governing equations for the electric field
and charged species, as well as the continuity equations for the neutral and
excited species, the energy, mass and momentum balance equations for the gas
mixture, with a coupled complex plasma and combustion kinetics, has been
successfully used for the numerical simulations of NRP discharges applied in
air and in hydrocarbon-air mixtures.

For instance, 2D simulations of the dynamics of formation of a nanosecond
repetitively pulsed (NRP) discharge between two point electrodes in air at at-
mospheric pressure at 1000 K have been performed by Tholin and Bourdon
(2013) to investigate the effects of the discharge on air mixture. Figure. 2.8
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shows the 2-D field of gas temperature, air density, pressure and magnitude
of the flow velocity at the end of the NRP pulse, obtained in these simula-
tions. The results indicate that the energy deposited during the pulse induces
an isochoric ultra-fast heating of the air with a significant increase of the gas
temperature and pressure while the density remains constant. An acceleration
of the gas is also visible near the electrode. These simulations highlighted one
of the thermal effects of NRP discharges: the ultra-fast gas heating.
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Figure 2.8: Cross-sectional views of the density, pressure, air temperature and mag-
nitude of the flow velocity at the end of NRP discharge pulse in air at T, = 1000K.
Ezxtracted from Tholin and Bourdon (2013)

In an other work, numerical simulations of a laminar premixed methane-air mix-
ture ignition by Nanosecond Repetitively Pulsed (NRP) discharges in a pin-pin
configuration was performed by Barleon et al. (2022). A 500 uJ single pulse of
NRP discharge is applied in methane-air mixture at an equivalence ratio of 0.8
and an initial temperature of 600 K. To assess the importance of the discharge
chemical effects, two simulations were computed. In the first one, only the ther-
mal effects of the discharge were considered, referred to as heat deposit (HD)
case in which all the energy is assumed to be converted to heat. In the second
one, both the thermal and chemical effects with the production of radicals were
taken into account, referred to as single pulse (SP) case. Temperature fields
at different instants after the pulse for the HD, SP cases is shown in Fig. 2.9.
No ignition was observed in the (HD) case. the 3000 K temperature reached
after the pulse decreases quickly and return almost to its initial value of 600
K after 500 ps. When in the (SP) case an ignition kernel is formed in the dis-
charge zone with a temperature around 2000 K. These simulations highlighted
the significant impact of NRP discharge chemical effects on combustion process.

Several other numerical studies of flames ignition and stabilization by NRP
discharges have been carried out using the fully solved plasma and combustion
methodology (Bak et al. (2012); Takana and Nishiyama (2014); Tholin et al.
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Figure 2.9: Temperature fields in Kelvin at different instants after the pulse for the
heat deposit (HD) and single pulse (SP) cases. A single NRP discharge pulse with
an energy deposition of 500 uJ applied in a lean methane-air mizture (¢ = 0.8).No
ignition is observed in the HD case while a successful ignition is observed in the SP
case. Eztracted from Barleon et al. (2022)

(2014); Casey et al. (2017); Barleon (2022)). These simulations give insights
into the impact of plasma on combustion. However, they are limited to 1-D
and 2-D simulations in laminar flow conditions because of their high compu-
tational cost. Computational domains are restricted to the plasma discharge
vicinity and consequently too small to capture all scales involved in a turbulent
combustion chamber. Detailed simulations of plasma-assisted combustion are
today still too expensive to be directly included in 3-D turbulent flame simula-
tions.

An alternative is to simplify the description of the complex plasma processes us-
ing a phenomenological model which focuses on the main effects of nanosecond
repetitively pulsed (NRP) discharges on combustion. This approuch has been
developed by Castela et al. (2016) to perform simulations of plasma-assisted
combustion in academic and industrial complex configuration at low CPU cost.

2.6 Phenomenological plasma model

To enable 3-D simulations of plasma-assisted combustion, a semi-empirical sim-
plified NRP discharges model has been proposed by Castela et al. (2016), to
significantly reduce the computational costs. Instead of solving a continuity
equation for each additional excited and charged species, the electric field and
the detailed plasma chemistry, the model captures non-equilibrium plasma ef-
fects by adding only source terms in energy and species balance equations and
a new scalar balance equation.

The plasma source terms were derived by analyzing in detail the mechanisms
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of plasma formation induced by NRP discharges.

2.6.1 Analysis of NRP discharges plasma physics

Based on the simulation and experimental results reported in the literature
(Popov (2001); Starikovskiy and Aleksandrov (2013); Stancu et al. (2010);
Rusterholtz et al. (2013)), the phenomenological NRP discharge model was
constructed by analyzing the distribution of the electrons kinetic energy, accel-
erated by the discharge electric field, over the different internal energy modes
of molecules and the channels through which these excited states impact the
thermochemical state of the gas when they relax.

Figure. 2.10a and b show the distribution of the discharge energy into the dif-
ferent degrees of freedom of molecules as a function of the reduced field E/N |
computed with detailed plasma kinetics for (a) air and (b) methane-air mixtures
(Starikovskiy and Aleksandrov (2013)). It is shown that, for values of E/N in
the range 100-400Td (1 Td = 10717 V.cm? ), the collision of electrons acceler-
ated by the electric field mainly produce electronically and vibrationally excited
molecular nitrogen No. More then 90% of the discharge energy is transferred
and stored in vibrational and electronic states of No. This is the case in air
(Fig. 2.10a), but also to a large extent in hydrocarbon—air mixtures, since the
mass fraction of hydrocarbons represents only a small fraction of the mixture
composition (for instance, stoichiometric methane—air mixtures only contain
5.5% of methane in mass, Fig. 2.10a).Thus the impact of NRP discharges on
combustion is mainly associated with the impact of the vibrationally and elec-
tronically excited Ny molecules.

At the and of the pulse, the vibrational and electronic excited states of Ns relax
by quenching with the surrounding molecules. The mechanism of excitation and
electronic relaxation of Ny has been describe in Popov (2001); Popov (2011);
Rusterholtz et al. (2013) and can represented by a two-step reaction process:

No(X)+e™ = Ny(A,B,Ca,..) +e” (2.21)

No(A, B,C,d,...) + Oy = 20 + Ny(X) + heat (2.22)

In reaction (2.21), the electrons e- collide with the N2 molecules of the ground
state No(X) exciting the electronic states No(A,B,C,a’ , ...). This reaction oc-
curs in the characteristic time scale of the pulse (7pse =~ 10 ns) when the elec-
tric field E is active. After the pulse, The excited electronic states No(A,B,C,a’
, ...) are rapidly quenched, mainly by a dissociative quenching reaction with
Oq, reaction (2.22), which takes place on time scales of about Tejectr = 50 ns
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Figure 2.10: Fractional power dissipated by electrons into various channels as a
function of E/N. (a) Air; (b) methane-air stoichiometric mizture. FExtracted from
Starikovskiy and Aleksandrov (2013)

and leads to an ultra-fast dissociation of Og into atomic O accompanied with
an ultra-fast gas heating.
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The vibrational excitation and relaxation mechanism of Ny is also given by
a two-step reaction process (Millikan and White (1963); Park (1993); Popov
(2011)):

No(X) 4+ e — Nay(v) +e” (2.23)

No(v) = No(X) + heat (2.24)

Ny vibrational excitation into No(v) occurs in the pulse characteristic time scale
(Tpuise ~ 10 ns), whereas relaxation of the vibrational states of N, through
reaction (2.24), occurs on a much longer time 7,; ~ 1 to 1000 us, and leads to
a slow heating of the gas.

2.6.2 Plasma-assisted combustion model equations

According to the previous analysis, the two main channels through which the
NRP discharges impact the gas are:

1. the excitation and the subsequent relaxation of electronic states of nitro-
gen molecules, leading to an ultra-fast increase of gas temperature and
ultra-fast dissociation of O2 into atomic O, reaction (2.22).

2. the excitation and relaxation of vibrational states of nitrogen molecules,
causing a much slower gas heating, reaction (2.24).

The phenomenological NRP discharges model proposed by Castela et al. (2016)
considers that the discharge deposited energy is split into three contributions:

e A chemical energy that leads to ultra-fast dissociation of species O2 into
atomic O.

e A thermal energy that leads to ultra-fast gas heating.

e A vibrational energy that will relax into gas heating but with a higher
time scale compared to the previous two phenomenon at a rate RI‘Q,T.

A schematic representation of the model developed is shown in Fig. 2.11. The
discharge energy deposition rate per unit volume, EP, deposited at each pulse,
can therefore be written as the sum of three contributions:
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+ EP

hea

EP = E?

chem

,+E? (2.25)

vib
The chemical E, ~ and thermal EP . terms refer to the amount of energy
transferred into the ultra-fast dissociation of Oy molecules and gas heating,

respectively. The rate of energy Eﬁib contributes to the vibrational excitation
of NQ.
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Figure 2.11: Schematic representation of the NRP discharge model assumptions.
The discharge energy is assumed to be deposited into (a) chemical, (b) sensible and
(c) vibrational energies within the pulse characteristic time Tpyise. The vibrational
energy relazes after the pulse, leading to an increase of the (d) sensible energy within
a characteristic time Typ. Extracted from Castela et al. (2016)

The equations governing the reacting flow and accounting for the impact of
NRP discharges reads:

dp  O(pu;
2 (8x- ) _ o (2.26)
pu;) | Olpuu;)  Op  Omy

ot " om 0w, om (2.27)
d(pe d(pu;e dq;  0(oyu; . . .

o ) =t PG i+ By ey 029
A(pevin) . O(puieyin) . 0 Daevib P RP 9.99

o + oz = a—xz(P oz, )+ Epiy — Ryr (2.29)
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O(pYy) | OlpwiYy) — O(pViiYs) e - p

where w? is the species molar production rate induced by ultra-fast species dis-
sociation by the plasma discharge.

The energy equation (2.28) incorporates additional source terms from the plasma
discharge. Equation (2.29) is the additional conservation equation for the vi-
brational energy e, carried by No molecules, where D is taken as equivalent
to the diffusion coefficient of Ny . The term R{’/T in both equations (2.28) and
(2.29) refers to the relaxation rate of the vibrational energy into gas heating
and it is modelled considering the Landau-Teller harmonic oscillator approach
Landau and Teller (1936):

Cuib — eng(T)

P _
Ryr=p
TVT

(2.31)

€q
vib

where the equilibrium value of the vibrational energy, e (1) , at a given gas

temperature T, is given by:

r O

eq —
cunT) = exp©O;/T —1 (2.32)

©; = 3396K and r = R/Wk,, with R the gas constant and Wy, the mo-
lar mass of nitrogen. 7Ty is computed as a function of T"}T , the vibrational-
translational relaxation time of Ny molecules by the k** collisional species part-

ner (O2 , O and Ny ), given by the experimental correlation of Millikan et White
(1963) Millikan and White (1963) :

1 1 1
vr=(—5+ o5, + &) (2:33)
vr  Tyr  Tvr

Tor = ¢/prexp [ag (T3 — by) — 18.42] (2.34)

¢ = 1 atm , py is the partial pressure of the k*" species and aj and by, are
experimental constants depending on the k** species.
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2.6.3 Model closure

P
heat

and vibrational E’fjib contributions depends on the local species concentration
Xk=1,.,N,, , temperature T , and pressure p of the gas mixture prior to the

The fraction of discharge energy going into the chemical th o thermal E

pulse. P, and EY . can be written as follows:

chem
EP . = Gheat (Xi1,.n,,. Top) - BP (2.35)
B o = Gehem (Xiet1, N, Top) - BP (2.36)

where gneat and gehem are the fractions of the discharge energy deposited at the
ultra-fast scale and transferred into sensible and chemical energy, respectively.
The chemical energy source term can be expressed in terms of the rate of
production of the k¥ species, u')’,z , associated with the plasma chemical processes
occurring during the pulse:

Nsp

EPn = e Wi (2.37)
k=1

where w;: is the plasma production rate of the k** species. e; and W), are the
internal energy and the molar mass of the k' species, respectively.

Combining equation (2.36) and equation (2.37) gives :

Nsp
Gehem (Xp=1,.. N> T ) - BV = e Wi} (2.38)
k=1
where g.;em can be expressed as:
Nsp
YGchem = Zg§hem (2'39)
k=1

where gfh om the fraction of the discharge power consumed by the production
of the k*" species.

The rate of production of the k' species during the pulse can then be written
as:

EP
ex Wi

‘*’i = g(]fhem (Xk:l,..,Nspv Ta p) : (240)
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The rate of increase of vibrational energy EF, is the remaining fraction of

vib X
the discharge power that is not transferred into E%,  and E}, .. From equa-
tions (2.25), (2.35) and (2.36) , EP., is therefore expressed as:
Eﬁib = [1 - (gheat + gchem)] . E'p (241)

2.6.4 Model parameters

The NRP discharge phenomenological model proposed by Castela et al. (2016)
involves two parameters gpeqr and gepem, the fractions of the discharge energy
transferred into sensible and chemical energy. The values of these two param-
eters are estimated from the detailed theoretical, numerical and experimental
studies.

As previously discussed, the nanosecond scale relaxation of the excited elec-
tronic states of Ny formed during the pulse, by dissociative quenching reaction
with Oz (reaction (2.22)) results in an ultra-fast heating of the gas and ultra-fast
dissociation of Os into atomic O. 0-D numerical simulations of NRP discharges
in air performed by various authors (Popov (2001); Flitti and Pancheshnyi
(2009); Aleksandrov et al. (2010)), have shown that 10 to 30% of the discharge
energy is transferred into ultra-fast gas heating. Similar results were later found
by Rusterholtz et al. (2013). The fraction of pulse energy that goes into ultra-
fast heating was estimated from the experimental measurements to be around

20%.

The second important parameter is the fraction of energy going into Oo dis-
sociation. The dissociation energy of Oz is about 5.2 eV, the average energy
necessary to excite electronically a ground state No molecule into No(A,B,C,a’
, ...) states, main contributors to the ultra-fast mechanism, is about 8.2 eV.
Thus, for reaction .(2.22), the ratio of energy going into dissociation (5.2 V)
over the energy going into heating (8.2 - 5.2 = 3.0 €V) is approximately 1.74.
Knowing that the fraction of pulse energy that goes into ultra-fast heating is
equal approximately to 20%, the fraction of energy going into O2 dissociation
is then equal to 34.8% (0.2 * 1.74 = 0.348). In the experiments of Rusterholtz
et al. (2013) and simulations of Popov (2013a), this ratio was found to be about
1.75 (35% into dissociation and 20% into heating), which is consistent with the
foregoing analysis.

The phenomenological model parameters are based on these experimental and
numerical values with 35% of energy going into ultra-fast dissociation, and
20% into ultra-fast heating. Finally, the rest of the discharge energy, i.e. about
45%, is spent on the vibrational excitation of Ny by electron impact. The en-
ergy stored in vibrational states of N9 will then impact the thermal-equilibrium
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system through a slow heat release.

The reaction rate of O2 dissociation involved in the plasma reaction depends
also on the available quantity of Os, therefore gepem is assumed to be propor-
tional to the ratio Yo,/ YéQ where Yé2 represents the mass fraction of Oz in
the fresh mixture:

9chem = 1] (242)

where 7 is the fraction of the discharge power leading to O9 dissociation, with
n = 0.35 as discuss above.

From equation (2.40) the molar production rates of the species can then be
expressed :

wh = 2.43
Wo
Wb, = ——= &P 2.44
02 WO2 O ( )
wh =0 ,ifk# Oy, O (2.45)
where W is the molar mass, ep is the energy of specie O.
EP,  finally writes:
. YO eo .
EP 2 (1 Y2y gp 2.46
chem n Y(i ( co ) ( )

The sum of the power going into ultra-fast dissociation ( th om) and ultra-fast

heating (E},,

Thus it is proportional to EP

) is equal to the power going into the electronic excitation of Nj.

P
E chem

+EY P (2.47)

eat —

with a ~ 0.55 (0. 35 4 0.20 = 0.55) as discussed previously.

Combining equation (2.46) and equation (2.47) gives:



PART I - PLASMA-ASSISTED COMBUSTION MODELING 37

. Yo €eo .
EP = _ 2 — =22)] EP 2.48
heat [a n YOfQ ( co )] ( )

The fraction Eﬁ cqr CTEases when Yo, decreases, and reaches aFP when Oy
vanishes. The relaxation of electronically excited N9 will then occur mainly by
collisions with ground state No which results mainly in an ultra-fast heating as
shown in Rusterholtz et al. (2013).

As mentioned previously, the vibrational energy is the remaining energy and
read:

Eup = (1 —a) EP (2.49)

The phenomenological plasma model proposed by Castela et al. (2016) is re-
tained in this work to perform simulations of flames ignition and stabilization
by NRP discharges. The implementation of the model in the YALES2 CFD
code, the coupling with the LES formalism and combustion kinetic mechanisms
as well as the validation of the model are presented in the next chapter.






Chapter 3

Numerical Methods for
plasma-assisted combustion

This chapter is devoted to the description of the numerical tools and
methods used in this work to perform plasma-assisted combustion sim-
ulations. The YALES2 Computational Fluid Dynamics (CFD) library
for low-Mach number reactive flows simulations is first introduced along
with the numerical methods employed for turbulent reactive flows with
a focus on the Large-Eddy Simulation (LES) formalism and the flame
thickening model retained for the simulations. The coupling between
the set of LES governing equations and the phenomenological NRP dis-
charges model is detailed. Finally, a series of test cases performed to
validate the tmplementation and the behavior of the NRP discharges
model is presented.
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3.1 Introduction

Numerical simulations are used in this work to understand and explain the
complex fundamental mechanisms of plasma-assisted combustion. The objec-
tive of this chapter is to review the numerical tools retained to carry out the
simulations. Section. 3.2 is dedicated to the presentation of the YALES2 Com-
putational Fluid Dynamics (CFD) code developed by Moureau et al. (2011) to
perform low-Mach number reactive flows simulations, as well as the numerical
methods used for the simulations. The coupling and implementation of the phe-
nomenological NRP discharges model (Castela et al. (2016)) in the YALES2
code are described in Sections. 3.3. Finally, The validation of the coupling and
the implementation of the model through a series of test cases is presented in
Sections. 3.4.

3.2 YALES2 library

3.2.1 The YALES2 CFD code

YALES?2 is a Computational Fluid Dynamics (CFD) library developed to solve
the Navier-Stokes equations in two-phase reactive low-Mach number flows (Moureau
et al. (2011)). Based on the finite volume method for the integration of the
transport equations, it can handle one, two and three dimensions simulations

on structured and unstructured meshes composed of triangles, tetrahedrons,
prisms, pyramids, quadrilaterals or hexahedrons. The code uses the MPI (Mes-
sage Passing Interface) library to perform massively parallel computations on
supercomputers.

In order to overcome the multi-scale time constraint, the YALES2 solver uses
the operator splitting method which consists in separately solving each opera-
tor (convection, diffusion and reaction) with its own characteristic time step.
The interest of such a method lies in the choice of the time step of an iteration,
taken as the largest characteristic time between each phenomenon. As a gen-
eral rule, it is the convective time step. The diffusion and reaction phenomena
perform several substeps within this fluid iteration in order to respect their
stability condition.

Taking advantage of the operator splitting method, the chemical source terms
are computed independently of other physical phenomena using a "stiff" in-
tegration library capable of solving systems of ordinary differential equations
(ODE) with implicit multi-step methods, dedicated to the temporal integration
of stiff problems. The one used in YALES2 is CVODE. It allows solving the
chemical system with a variable order and time step and a controlled error.

The low-Mach formalism used in the code is describe in Majda and Sethian
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(1985). The simplification of the Navier-Stokes equations using this method
allows larger time steps compared to the compressible formulation constrained
by the propagation speed of the acoustic waves. Several numerical schemes
are implemented in YALES2. For the time integration, the code disposes of
the third and fourth order Runge-Kutta schemes or the more recent TFV4A
scheme proposed by Kraushaar (2011), which combines the Runge-Kutta and
Lax-Wendroff methods. For the spatial integration a second or fourth order
centered schemes are available (Vantieghem (2011)).

The YALES2 library is composed of several solvers (Incompressible solver (ICS),
Scalar solver (SCS), Lagrangian solver (LGS), Triple phase solver (TPS), ...)
dedicated to the resolution of different physical phenomena. In this work, the
simulations are performed using the variable density solver (VDS) which solves
the reactive Navier-Stokes equations at low Mach number. A brief description
of this solver is presented in the following section.

3.2.2 Variable Density Solver (VDS)

The Variable Density Solver (VDS) solves the Navier-Stokes equations for low
Mach number reactive flows assuming that the pressure, density and tempera-
ture variations due to acoustic waves are negligible. The temperature variations
modify the density through an equation of state. For all simulations performed
in this work the equation of state follows the ideal gas law:

P=prT (3.1)

where P, p, T and r are the pressure, density, temperature and gas constant,
respectively.

The Navier-Stokes equations under the low-Mach number approach are written
as follows:

% N 3(;;;) _0 (3.2)
0(({;@) N 3(/2;;@-;@) _ _gf;j N ?9;‘7 (3.3)
%phs - a%puihs = % + %ii + dr (3.4)
OpYi) | OlpwYs) _ _ OpVii¥e) | Wi (3.5)
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where p is the density, u; is the i-th component of local flow velocity in direc-
tion x; and 7;; the viscous tensor defined in Eq. (2.7). Yj, pYi Vi, Wy are the
mass fraction, the molecular diffusion term and the molar production rate of
the species k, respectively.

Under the low-Mach number approach, the pressure can then be decomposed
into two terms: the thermodynamic pressure Py assumed constant in space and
the dynamic pressure Ps variable in space and time. In an open system, the
thermodynamic pressure of the system Py is also considered constant in time.
The equation of state is written:

Py = poroTh (3.6)

where pg, Ty and rg the initial density, temperature and gas constant, respec-
tively, defined at t = 0 s of the simulation.

The total energy balance equation Eq. (2.3) is rewritten as the sensible enthalpy

balance equation Eq. (3.4), more suitable for isobar simulations. wy is the heat
release generated by chemical reactions.

Nsp
br == ARG iy (3.7)
k=1

Q; is the heat flux defined as follow:

N.p
oT

i =—A " hokYiVii 3.8

Q 3$i+pk:1 EYE Vi, (3.8)

where A is the heat conduction coefficient of the mixture and h j, is the sensible
enthalpy of the species k .

3.2.3 Numerical methods in turbulent flows

Most flows encountered in industrial processes (gas turbines, internal combus-
tion engines, furnaces ...) or even in nature are described as unsteady and
highly turbulent. The turbulence of these flows is characterized by the forma-
tion of multitude turbulent structures (eddies) associated with different time,
length and energy scales. The energy of the large scales structures flows to the
smaller scales through an energy cascade introduced by Kolmogorov (1941) and
known as the Kolmogorov cascade.
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The description of turbulent processes using Computational Fluid Dynamics
(CFD) may be achieved using three levels of computations:

Direct Numerical Simulation (DNS): consists in solving the full instanta-
neous Navier-Stokes equations without any turbulence model. All turbulence
scales and their effects are explicitly determined, making this approach ex-
tremely expensive. With current computing resources, this strategy is out of
reach for industrial configurations and is limited to simple academic flows (typ-
ically, combustion in a small cubic box).

Reynold-Averaged Navier-Stokes (RANS) computations: historically
developed to reduce the computational cost of the numerical simulations, this
approach aims to solve the mean values of the transported quantities. The
balance equations are obtained by averaging the instantaneous Navier-Stokes
equations. The averaged equations require closure rules, turbulence models,
to deal with the flow dynamics in combination with a turbulent combustion
interactions.

Large- Eddy Simulations (LES): the Navier-Stokes equations are solved for
the large energetic eddies while the small scale energetic structures are modeled
using subgrid closure rules. The main advantage of LES compared to RANS
is a better reproduction of the turbulent mixing processes (Pope (2000)), and
therefore a better characterization of turbulent-flame interactions and predic-
tion of chemical species (Poinsot and Veynante (2012)). The filter size A linked
to the LES grid element defines a cut-off wave number k. = A /7 , which deter-
mines the limit in the spectral space between large and small turbulent energy
structures.

Figure. 3.1 shows the scope of the three techniques used in CFD simulations in
the physical and spectral spaces, which depicts how each one handles the tur-
bulent energy structures found in the turbulent flow. The CPU cost increases
when considering these approaches in the following direction: RANS — LES
— DNS.

Being a good compromise between the cost and the precision of the computa-
tions, LES has been lately extensively used in CFD codes, such as the YALES2
library, for the simulations of turbulent combustion in practical applications.
In this thesis, plasma assisted combustion simulations are computed using the
LES technique.

3.2.4 Large-Eddy Simulation (LES) formalism

Large-Eddy Simulation (LES) is based on the transport of spatially-filtered den-
sity, momentum, energy and chemical species balance equations. Any filtered
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Figure 3.1: CFD approaches in turbulent flows considering homogeneous and
isotropic turbulence. The filter size A of the numerical grid determines whether the
turbulent energy structures are resolved or not (left). Resolution and modeling consid-
erations for DNS, RANS and LES approaches regarding the turbulent energy structures
in the energy cascade (right). k. = A/m denotes the cut-off wave number used in LES
filtering. Extracted From Mercier (2015)

variable @ is then defined as follows:

o(x,t) = /<p (x',t) Ga (x —x') dx’ (3.9)
where Ga is a LES filter of width A. The Favre-filtering operation (- ) on ¢
is defined as:

Pxt) =22 (3.10)

In this regard, any quantity ¢ is now defined as the sum of its filtered resolved
part and its sub-filter or sub-grid value ¢ = @+ ¢”. The decoupling of resolved
and sub-filter components is implicitly made by the LES grid, where turbulent
structures larger than twice the size of the filter A, are typically resolved.

In LES formalism, the Low-Mach number flows governing equation are written
as follow:

op 0

P T (5 = A1
opa;) 0, o . _ . opn 07
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dphs Opiihs) 0 —~ o~ dPR 09 - 313
5 T om = o Pluhs = Giha) + ZaE Al (313)

pYe 0 .~ 0 = = o - .

P b (pmYe) = — 5 — (p(uiYi, — GiYE)) — 5 (pViaYi) + G (3.14)

Py =prT (3.15)

Unclosed terms of the filtered equations are expressed as follows (Poinsot and
Veynante (2012)):

Reynolds stress tensor: represents the impact of the unresolved flow motions
on the resolved momentum. Using the Boussinesq assumption that supposes
that the effects of the smallest unresolved scales are similar to the addition of
a new term of viscosity, 7,7 is modeled as follows:

O ou;  Ou; 2 duy,
=89S _ S(m . ) — 5 v J ) - ZZ27Es. 3.16
Tij plugu; — uity) = pvy [(8% + 83%) 3 0, zy] (3.16)
where 14 is the sub-grid turbulent kinematic viscosity. Several closures exist for
v in the literature (Smagorinsky (Germano et al. (1991)), WALE (Nicoud and
Ducros (1999)), Sigma (Nicoud et al. (2011))).

Energy and species fluxes: Q;?° and J;{" have gradient-type closures, re-
spectively as:

css L — o~ ep(T, Y, oT —sas
Q3% = p(ushs — tihs) = _Wﬁx- + ZJZ.’Z hs i (3.17)
' 1

v Wi 0X;
Sct,k w al’i

T = plan¥ — ) :p( Yv) 318)
where the turbulent Schmidt number Se¢; of species k and the turbulent

Prandtl number Pr; are usually set to a constant value or evaluated dynami-
cally (Moin et al. (1991)).

Filtered laminar diffusion fluxes of momentum, energy and species:
have a gradient kind closure, as follows:
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Jik = pVirYe P( kWE)a:i—i_ kV> (3.21)

Filtered chemical source term: the term c:),]y is challenging to close in

turbulent combustion systems, especially because of the high interaction with
the turbulent structures and its peculiar behavior at the flame front, which is
highly dependent on the turbulent combustion regime (Poinsot and Veynante
(2012)). Numerous models exist in the literature to retrieve the subgrid-scale
effects in the turbulent reactive flow. A summary of the main techniques are
presented in Section. 3.2.5.

3.2.5 Turbulent combustion modeling in LES

The turbulent flame structure is severely affected by the size of the numerical
grid in LES, especially in large industrial configurations where fine resolution
of the flame front cannot be afforded due to CPU limitations. To properly
resolve the flame front, the turbulence-chemistry interactions must be modeled
at the subgrid scale. The expression of the filtered source term &,i\/[ , key in LES
combustion simulations, has been extensively studied in the literature. Some
of these methods are reviewed in (Poinsot and Veynante (2012)) and (Fiorina
et al. (2015)), classified into three main categories:

e The turbulent mixing method, the reaction rate is controlled by the
turbulent mixing, described in terms of scalar dissipation (Bray (1996)).
Some examples of this method are the Eddy Dissipation Model (Mag-
nussen and Hjertager (1977)) and the Linear-Eddy Model (Menon and
Calhoon-Jr (1996)). This approach is only possible when the characteris-
tic time of turbulence 7; is very high compared to the characteristic time
of chemistry 7. this why it’s mainly used in RANS calculations rather
than LES.

e The statistical methods describe the turbulent reactive flow properties
in LES through a Probability Density Function (PDF) (Pope (1985)) or
a Filtered Density Function (FDF) (Haworth (2010)). These approaches
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have been extensively used in LES of turbulent flames. However, it can be
computational demanding and may require complex modeling hypothesis
when Lagrangian and Eulerian strategies are involved.

e The geometrical methods characterize and track the turbulent flame
front as a moving geometric surface that divides the fresh and burnt gases
zones in physical space. A first approach, called the G-equation model
(Kerstein et al. (1988)), considers the flame front thickness negligible and
traces the flame surface with the help of a field variable G. In other ap-
proaches; in order to have enough mesh points in the flame front and thus
not neglect its thickness, the flame is artificially thickened in zones where
the mesh cell size is larger than the flame thickness while maintaining
the essential flame properties. The main examples of these strategies are
the Thickened Flame model for LES (TFLES, Colin et al. (2000)) and
the Filtered- Tabulated Chemistry for LES (F-TACLES, Fiorina et al.
(2010)). In FTACLES the flame front is explicitly filtered in the physical
space, while in TFLES the flame front is artificially thickened.

The model used in this work is the TFLES model, described in the following
section.

3.2.6 Artificial thickened flame model for LES (TFLES)

The TFLES model provides a good description of the chemical source terms.
It is characterized by its easy implementation and robustness in combustion
modeling. The thickening operation is done preserving the flame consumption
speed, while the diffusion and species source terms are modified. According to
Kuo and Acharya (2012), the consumption speed SOL and the laminar thickness
5% of a flame, can be written as a function of the reaction rate w and the thermal
diffusion coefficient Dy, as follows:

D D

§9 o /Do 89 oc Z = [ = (3.22)
57 B

To ensured a thickening by factor F of the flame while preserving the flame

speed, the following transformation are performed :

Dﬂ:mhFaf:% (3.23)

where the diffusion coefficient and the species source terms are multiplied and
divided by F, respectively.

When the flame is thickened, the interaction between turbulence and flow is
modified, because the Damkohler number is also divided by a factor F:
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Tt It sL,
D, = o U@ (3.24)
When D, decreases, the flame becomes less sensitive to turbulent motion, in
particular, resolved wrinkling is diminished, hence the effective flame surface
decreases and so does the fuel consumption speed Fig. 3.2. To compensate
for these effects, and efficiency function = acting as a subgrid-scale wrinkling
factor is added to the model to correct the turbulent flame speed (Poinsot and
Veynante (2012)).
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Figure 3.2: Classical turbulent combustion diagram; changing the Damkohler number
affects flame-turbulence interactions. Extracted from Poinsot and Veynante (2012).

Dy, — F Dy, — ZF Dy, (3.25)
w w
V— — — E— 3.26

The flame speed and flame thickness become:

(3.27)

»
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»
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op = F6Y (3.28)
where s% and ép are the turbulent flame speed and thickness, respectively.
In this work, a dynamic TFLES model is used. A flame sensor S tracks the
position of the flame front as the region of space where species production rates

are above defined percentage of the maximum value reached in the reaction
zone of a pre-computed laminar premixed flame.

Based on a laminar flame thickness 5% pre-computed by the user with a 1D
laminar flame simulation and a minimum desired number of points in the flame

front N, a variable thickening factor F' depending on the local mesh size A is
imposed only where the flame sensor S is 1

F=1+65- [maac (Npt?(w 1) - 1] (3.29)
L

The efficiency function of Charlette (Charlette et al. (2002)) with a clipping
factor to handle the case 6% < 1 reads:
L

) A A u o' 1\?
(1 + min [max (5%’ 1) -1, f <5%’ S%,Re> s%]) — 1] (3.30)

3.3 Phenomenological plasma model in the LES for-
malism

=E=1+8-

The phenomenological NRP discharges model has been implemented in the
YALES2 code (Moureau et al. (2011)) and coupled with the LES reactive flow
governing equations combined with the Thickened Flame model for TFLES
(Colin et al. (2000)). In addition to the mass and momentum transport equa-
tions, Eq. (3.11) and Eq. (3.12) respectively, the following balance equations
are solved for sensible enthalpy hg, vibrational energy e,; and species mass
fractions Yj:

dphs  O(pushs) O _ mE

ot ox; ox; ox;

N -
iy (3.31)

c%i
8
a——i—wT + Echem + Eheat + RVT
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52, the chemical reaction rate due to combustion, is modeled by a detailed
mechanism. The plasma chemical reaction rate wj is closed to account for
the Og dissociation induced by the electrical discharge. For sensible enthalpy
formulation the terms reads:

P __ 1702 EP

P = 3.34
o=1 Y(i eo Wo (3.34)

— W,

on =~y o (3.35)

Gh=0 ifk# 0y O (3.36)

For all the simulations performed in this work, the mesh is refined in the plasma
discharge zone to ensure that the small turbulence scales and laminar flame
thickness are well resolved and no sub-grid scale model or TFLES coupling is

P P
necessary. The filtered rate of energy, E pep;Epeqr and Ey are closed from

Eq. (2.46), Eq. (2.48) and Eq. (2.49) by assuming that £l = Eﬁ(?owgp).

3.4 Model validation

To validate the implementation of the phenomenological plasma model in the
YALES2 code, a series of numerical test cases is performed and compared to
experimental measurements and DNS simulations of NRP discharges applied
in air or in hydrocarbon-air mixtures.

3.4.1 NRP discharges in the air

The first test case is performed to validate the model behavior during a single
NRP discharge pulse applied in the air. For this, 0-D simulations are compared
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to the experimental measurement of Rusterholtz et al. (2013) and the numeri-
cal results of Castela et al. (2016).

In the experiment, Rusterholtz et al. (2013) applied a series of NRP discharge
pulses between two pins separated by an inter-electrode gap distance of 4 mm
in a flow of atmospheric pressure air preheated to 1000 K. The gas was injected
from the grounded cathode side with a velocity of 2.6 m/s. The pulses of 10
ns duration and a voltage of 5.7 V were applied at a frequency of 10 kHz. An
image of the experimental setup is shown in Fig. 3.3

direction

C Cathode Air heater
S exit

Figure 3.3: Photo of air heater exit and electrode assembly. Extracted from Ruster-
holtz (2012)

I~

Figure. 3.4 shows the temporal evolution of a) voltage, b) current, c) gas tem-
perature and d) atomic oxygen density, measured in the steady-state pulse
regime. The energy deposited per pulse was obtained by first multiplying the
measured voltage and current signals and then by integrating in time over the
pulse duration. The obtained value was about 670 pJ. The plasma diameter
was obtained based on the number density profiles of electronic excited nitrogen
N2(B) and N2(C) species and is approximately equal to 450 pm (Rusterholtz
et al. (2013)). After multiple pulses when the steady-state is reached, the
temperature of the gas just before a pulse is 1500 K with a temperature rise of
about 900 K when the pulse is applied. About 15% of the O2 has been disso-
ciated into atomic O at the beginning of the pulse by the previous discharges.
At the end of the pulse around 50% of oxygen is dissociated.

The test case consists of applying a single NRP discharge pulse in the air mix-
ture once pulsing regime has reached a steady state and compare the evolution
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Figure 3.4: Temporal evolution of (a) pulse voltage and corresponding reduced electric
field E/N, (b) conduction current, (c) temperature and (d) O density measured in
the steady-state pulse regime of NRP dischrage applied in atmospheric pressure air
preheated at 1000 K. Extracted from Rusterholtz et al. (2013)

of the gas temperature and atomic O concentration obtained in the simulation
with the experimental measurements (Rusterholtz et al. (2013)). The initial
and operating conditions for the test are extracted from the experimental study.
The initial gas temperature: T; = 1500 K, the pressure: P = 1 atm. At the
beginning of the pulse about 15% of the O2 has been dissociated by the previ-
ous pulses, therefore, the initial mole fractions of the mixture are: Xp = 0.063,
X0, = 0.1785 and X, = 0.7585. For the NRP discharge, the energy per pulse:
Epuise = 670 pJ, the discharge radius and length are equal to ry = 225 pm and
L4 — 4 mm, respectively and the pulse duration: 7,5 — 50 ns. Experimental
measurements show that the temperature increase due to the energy deposi-
tion by the pulse lasts 25 ns while the O production lasts 50 ns. Because of the
small difference between the two durations and for simplification reasons in the
simulation the pulse energy is deposited in 50 ns.
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A constant value of the model parameter o = 0.55 (fraction of that goes into
ultra-fast heating and ultra-fast dissociation of Og into atomic O) is retained
whereas two values of the parameter 1 ( fraction of energy that goes into ultra-
fast dissociation of Oy into O) n = 0 and 1 = 0.35 are considered in order to
analyze and understand the impact of the discharge energy distribution into
them and Eﬁeat on the pulse effects.

Figure. 3.5 and Fig. 3.6 show the evolution of the gas temperature and O radi-
cals concentration during the pulse, respectively. The symbols (black squares)
correspond to the experimental measurement (Rusterholtz et al. (2013)), the
red lines correspond to the numerical results of Castela et al. (2016) obtained
using the phenomenological NRP discharges model and the blue lines are the
results obtained in the present work with the same NRP discharges model im-
plemented in the YALES2 code (Moureau et al. (2011)). For the case, where 7
is set to 0.35 (meaning that 35% of the pulse energy is routed to the dissociation
of Og ), the gas temperature initialy at 1500 K increases by about 1100 K and
reaches 2500 K at the end of the pulse. The O radical concentration rises from
3up to 9 - 10'7 particles.cm™3. The simulations performed with the YALES2
and REGATH code using the NRP discharges model are in good agreement
with the experimental values. The only difference come from the characteristic
rise time of the gas temperature that was considered here equal to 7y = 50
ns versus the experimental value of 25 ns. Nevertheless, The choice of 7,5 =
50 ns seems to be a good compromise as both values of the gas temperature and
of the O radicals concentration agree well with experimental data. When 7 is
set to 0, meaning that all the 55% of the discharge energy is transferred directly
into E,f o (and th em — 0), the gas temperature increases by about 1900 K
and reaches 3300 K at the end of the pulse, overestimating the experimental
results.

When 7 is set to 0, meaning that all the 55% of the discharge energy is trans-
ferred directly into EP (and EP = 0), the gas temperature increases by

heat chem
about 1900 K, overestimating the experimental results.

3.4.2 2-D simulations of NRP discharges in air

The second test case consists in 2-D simulations of a series of 10 NRP dis-
charges pulses applied in a quiescent air mixture. The air is initially at p =
1 atm and T = 300 K. The NRP discharges represent the ones characterized
in the experimental work of Rusterholtz et al. (2013), also used in the pre-
vious test case. The plasma discharge channel has a quasi-cylindrical shape,
with diameter ry = 225 pm and height Ly = 4 mm as shown in Fig. 3.7. The
pulse repetition frequency and the energy per pulse are equal to PRF = 10
kHz and Ep;se = 670 pJ, respectively. For 2-D computation, a plane domain
of 5.12 x 5.12 mm perpendicular to the electrode tips is considered, shown in
Fig. 3.7. In this plane, the discharge takes the form of a circle cross-section of
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Figure 3.5: Temporal evolution of the maximum value of gas temperature during
the pulse. The following discharge parameter values were used: pulse energy Epyise
= 670 pJ and model parameters: a = 0.55 and two values of n = 0.0 (without O
dissociation) and 0.35 (with Oy dissociation into atomic O). Model results obtained
in the present work using the low-MACH number YALES2 code are compared with
numerical results of Castela et al. (2016) obtained using the compressible code YWC
and with the experimental measurement obtained in Rusterholtz et al. (2013).

the cylindrical-shape. A uniform grid with a mesh size Ax = 10 pm is used in
the simulations.

Two simulations are performed. First, considering only the thermal effects of
the discharge, all the discharge energy goes into ultra-fast heating ans slow
heating with the model parameters a = 0.55 and p = 0.0. Then considering
both the thermal and chemical effects of the discharge with the ultra-fast dis-
sociation of Og into atomic O, « = 0.55 and n = 0.35. The results of the
simulations performed with the low-Mach number YALES2 code are compare
to the one obtained by Castela et al. (2016) using the compressible YWC code
(Coussement (2012); Caudal (2013)).

Castela et al. (2016) observed, in the simulations performed using the com-
pressible code YWC, that the ultra-fast deposition of energy generates at each
pulse a pressure wave that detaches 0.25 us after the pulse from the center of
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Figure 3.6: Temporal evolution of the maximum value of O radical concentration
during the pulse. The following discharge parameter values were used: pulse energy
Epuise = 670 puJ and model parameters: a = 0.55 and n = 0.35 (with Oz dissocia-
tion into atomic O). Model results obtained in the present work using the low-MACH
number YALES2 code are compared with numerical results of Castela et al. (2016)
obtained using the compressible code YWC' and with the experimental measurement
obtained in Rusterholtz et al. (2013).

the discharge channel and propagates outwards. Due to this pressure wave,
part of the deposited energy leaves the discharge zone as acoustic energy caus-
ing a fast temperature decay. This energy has been estimated by Castela et al.
(2016) to be around 10% of the total discharge deposited energy is the case
where = 0.35 (both thermal and chemical effects are taken into account) and
around 20% when 1 = 0.0 (only the thermal effects are taken into account).
The low-Mach formalism used in YALES2 cannot captured such behavior. The
pressure waves resulting from a variation of the thermodynamic pressure during
the pulse, the low Mach number assumption, which assume that this pressure
does not vary and is always constant prevent the generation of these waves.
The energy that should be lost in acoustic form is instead converted into ther-
mal energy, which leads to an overestimation of the temperature. To correct
this error, the amount of acoustic discharge energy leaving the discharge zone,
evaluated by Castela et al. (2016), is deducted directly from the amount of
energy deposited at each pulse in the low-Mach number YALES2 code.
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Figure 3.7: Schematics of a pin to pin configuration of NRP discharges device.
The 2-D computational domain is a plane perpendicular to the inter-electrode axis.
Eztracted from Castela et al. (2016).

Figure. 3.8 shows the temporal evolution of the gas temperature at the center
of the discharge zone for the sequence of pulses in the case where only the ther-
mal effects of the discharges are considered, so all the discharge energy goes
to ultra-fast and slow gas heating (n = 0.0). During each pulse, the results
obtained by Castela et al. (2016) plotted in blue with triangle symbols, show
an ultra-fast increase of the gas temperature by about 1000 to 3000 K. Just
after the pulse, the loss of energy due to gas expansion and the detachment
of a pressure wave from the hot discharge kernel induces a fast drop of the
temperature of approximately 200 to 700 K. Then, the temperature decreases
progressively between the pulses due to diffusion effects. At the end of each
period, the value of the gas temperature is higher than that of the previous
period. The minimum temperature reaches a quasi-stationary value of about
2000 K after height pulses when diffusive fluxes are balanced with the heat
released by the discharge. In the present work, since 20% of the pulse energy
has been a priori removed from the part that goes to the ultra-fast heating
to reproduce the acoustic loss that are not captured by the low-Mach number
formalism, the results plotted in red line with circle symbols show that the
ultra-fast increase of temperature during the pulse is underestimated by about
200 to 700 K. However, the rapid temperature drop just after the pulse in the
compressible case brings both simulations to the same temperature level very
quickly in about 1 us, and throughout the temperature decrease between two
pulses, the results are in good agreement.

Figure. 3.9 shows the temporal evolution of the gas temperature at the center of
the discharge zone for the sequence of pulses in the case where both the thermal
and chemical effects (Oq dissociation into atomic O, n = 0.35) of the discharges
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Figure 3.8: Temporal evolution of the gas temperature at the center of the discharge
channel in a sequence of 10 pulses in air. The following parameter values were used: f
= 10 kHz, Epyise = 670 pJ, oo = 0.55 and n = 0.0. Numerical results of present work
obtained with the low-Mach number YALES2 code (in red) are compare to the results
obtained by Castela et al. (2016) using the compressible YWC code (in blue).

are considered. The ultra-fast increase of the temperature, about 800 to 2000
K, is less important then the previous case (n = 0.0) since part of the energy
is used for the dissociation of O2. Similarly to the previous case, a fast drop of
energy occurs just after the pulse in the compressible simulation followed by a
slow temperature decrease. In the low-Mach number simulation, present work,
8% of the pulse energy has been a priori removed from the part that goes to the
ultra-fast heating to reproduce the acoustic loss. A discrepancy between the
two simulations is observed during the pulse where the low-Mach simulation
underestimates the total ultra-fast thermal energy deposited. Once the pres-
sure wave has detached and acoustic losses occurred, the results are again in
good agreement. The minimum temperature reaches a quasi-stationary value of
about 1500 K after height pulses which is in good agreement with experimental
measurement of Rusterholtz et al. (2013).

Figure. 3.10 shows the temporal evolution of O radical concentration at the
center of the discharge zone for the sequence of pulses in the case where both
the thermal and chemical effects (O2 dissociation into atomic O, n = 0.35) are
considered. During each pulse, O concentration rapidly increases and then de-
creases due to gas expansion, diffusion and to the recombination of O radicals
into O2 molecules. In the compressible case, the pulse energy deposition oc-
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Figure 3.9: Temporal evolution of the gas temperature at the center of the discharge
channel in a sequence of 10 pulses in air. The following parameter values were used:
f =10 kHz, Epyse = 670 pJ, o = 0.55 and n = 0.35 (O dissociation into atomic
0). Numerical results of present work obtained with the low-Mach number YALES?2
code (in red) are compare to the results obtained by Castela et al. (2016) using the
compressible YWC code (in blue).

curs in quasi-isochore regime. The pressure and the temperature vary strongly
while the density remains almost constant. Just after the pulse, the pressure
waves detach and the pressure returns to its initial value lowering the density
of the mixture and thus the O radicals concentration in the discharge zone. In
the low-Mach case, the deposition is isobaric, the density and the temperature
vary while the pressure remains constant. The oxygen peak is therefore not
captured. The concentration of O at the end of the pulse is equal to that of the
compressible case after the pressure and density drop. Between two pulses, the
results of the two simulations are in good agreement. The minimum value of
the O radical concentration in the stationary regime is also in good agreement
with the ones observed in the experimental work of Rusterholtz et al. (2013).

In all the following simulations, 20% of of the pulse energy is a priori removed
from the part that goes to the ultra-fast heating when 7 = 0.0 and 8% when n
= 0.35 to reproduce the acoustic loss that are not captured by the low-Mach
number.
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Figure 3.10: Temporal evolution of O radical concentration at the center of the
discharge channel in a sequence of 10 pulses in air. The following parameter values
were used: [ = 10 kHz, Epyse = 670 pJ, o = 0.55 and n = 0.35 (O2 dissociation
into atomic O). Numerical results of present work obtained with the low-Mach number
YALES2 code (in red) are compare to the results obtained by Castela et al. (2016)
using the compressible YWC code (in blue).

3.4.3 2-D simulations of NRP discharge assisted ignition in
quiescent methane-air mixture

In this test case, ignition sequences of a quiescent methane-air mixture by a
series of NRP discharge pulses are simulated. The 2-D computational domain
perpendicular to the electrode tips used in the previous test case is considered
(see Fig. 3.7). A methane-air mixture with an equivalence ratio ¢ = 0.8 is
uniformly distributed over the computational domain at the beginning of the
computations. The initial conditions of mixture pressure and temperature are
p = 1 atm and T = 300 K, respectively. The pulse are applied at a repetition
frequency PRF = 10 kHz with a deposited energy per pulse E,y5e = 670 pJ.
COFFEE kinetic scheme involving 14 species and 38 reactions is used for the
combustion mechanism (COFFEE (1984)).

To evaluate the impact of the ultra-fast Oo dissociation, the ultra-fast gas heat-
ing and the slow gas heating on the ignition phenomena, two simulations are
performed. The First one, considering only the thermal effects of the discharge,
all the discharge energy goes into ultra-fast heating ans slow heating with the
model parameters @ = 0.55 and 1 = 0.0. The second one, considering both the
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thermal and chemical effects of the discharge with the ultra-fast dissociation
of Oy into atomic O, a = 0.55 and n = 0.35. The results of the simulations
performed with the low-Mach number YALES2 code are compare to the one
obtained by Castela et al. (2016) using the compressible YWC code (Cousse-
ment (2012); Caudal (2013)).
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Figure 3.11: Temporal evolution of the mazximum value of gas temperature for a
methane-air mixture, ¢ = 0.8. For n = 0.35 the mixture ignites after two NRP dis-
charge pulses. Numerical results of present work obtained with the low-Mach number
YALES2 code (in red) are compare to the results obtained by Castela et al. (2016)
using the compressible YWC' code (in blue).

Figure. 3.11 shows the temporal evolution of the maximum gas temperature
for n= 0.35 simulations. The blue line with triangle symbols corresponds to
the results obtained by Castela et al. (2016) using the compressible YWC
code. The red line with circle symbols corresponds to the results obtained in
the present work using the low-Mach number YALES2 code. When O3 disso-
ciation is considered the mixture ignites after two discharge pulses. The gas
temperature increases during the first discharge and, when the second discharge
is applied, the temperature further increases following an asymptotic decrease
towards the adiabatic flame temperature. When O dissociation by the NRP
discharges is neglected (n = 0.0), the maximum gas temperature evolution
plotted in Fig. 3.12 shows that four discharge pulses are needed to ignite the
mixture. In order the initiate the combustion a higher temperature had to be
reached. The results of the present work are consistent with those obtained by
Castela et al. (2016). The ignition of the mixture is well predicted in both
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cases. This is explained by the fact that the relaxation time of the temperature
after the pulse due to the pressure wave detachment from the ignition kernel
is much shorter than the chemical time scales. Therefore, the method that
consists of removing a priori the energy that will be lost in acoustic effect in
the low-MACH YALES2 code has no influence on the combustion process.
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Figure 3.12: Temporal evolution of the maximum value of gas temperature for a
methane-air mizture, ¢ = 0.8. For n = 0.0 the mixture ignites after four NRP dis-
charge pulses. Numerical results of present work obtained with the low-Mach number
YALES2 code (in red) are compare to the results obtained by Castela et al. (2016)
using the compressible YWC' code (in blue).

These simulation results show that O radicals play a major role in the ignition
enhancement of low gas temperature mixtures and lead to a decrease of the ig-
nition delay and of the external source of energy needed to ignite. The impact
of O radicals on flame ignition process is studied more in detail in Chapter. 6.

The different test cases presented here allowed the validation of the phenomeno-
logical plasma model proposed by Castela et al. (2016) and its implementa-
tion in the CDF low-Mach number code YALES2. In part II and III of this
manuscript, this model will be used to simulate the processes of flames ignition
and stabilization by NRP discharge.
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Chapter 4

Toward new ignition systems

In this chapter, the limits of conventional ignition devices and the ad-
vantages of using NRP discharges the ignition of lean combustion cham-
bers are discussed and illustrated through an experimental study that
compares the efficiency of the two technologies in the ignition of a lean
internal combustion engine. 3-D simulation of plasma assisted ignition
performed by Castela to investigate the dynamic of flame ignition by a
single NRP discharge pulse using the phenomenological plasma model
1s then presented. The results of this simulation are analyzed to under-
stand the mechanisms of plasma-flame-flow interaction, in particular
the hydrodynamic effects induced by the discharges which can reduce
the capacity of the NRP discharges to ignite reactive mixtures.
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4.1 Introduction

The development of efficient and robust ignition systems has always been an im-
portant subject of study in the field of combustion. Among the different ignition
devices developed over time: torch igniters (Lefebvre and Ballal (2010)), plasma
jet igniters (Clements et al. (1981)), flammable chemical products (Lefebvre
and Ballal (2010)), laser igniters (Nakaya et al. (2017)), the spark plugs have
stood out as the most reliable and easiest to use despite their low energy ef-
ficiency. For the last decades, this technology has equipped most combustion
systems whether it’s internal combustion engines or aeronautical gas turbines.
Today, however, this solution seems to have reached its limits. With the de-
velopment of new combustion technologies that tend to operate around the
lean flammability limit in order to reduce pollutant emissions, it is becoming
more and more difficult to initiate the combustion process and spark plugs have
proven to be rather inefficient and too energy costly. New solutions have been
investigated lately as an alternative to the spark plugs. Among them nanosec-
ond repetitively pulse (NRP) discharges have shown very promising results.
Flames ignition by NRP discharges id the subject of the studies conducted in
the following four chapters.

This chapter is dedicated to the state of the art concerning flames ignition by
NRP discharges. Section. 4.2 discusses the limits from which suffer the spark
plug discharges and how NRP discharges can tackle these limits. An experimen-
tal comparison between the two technologies is presented. Section. 4.3 describes
the dynamic of flame ignition by a single NRP discharge pulse through the re-
sults of one of the first numerical simulations of ignition by NRP discharge
performed by Castela et al. (2017) with the phenomenological plasma model
presented in Chapter. 2. Finally, the conclusions of the this chapter are given
in Section. 4.5

4.2 Flames ignition systems

4.2.1 Spark ignition

The studies of spark plug ignition (Maly and Vogel (1979); Refael and Sher
(1985); Lim et al. (1987); Sher et al. (1992); Kono et al. (1989)) showed that
the process is decomposed in four steps: the pre-breakdown, breakdown phase
(t oc 107 5), the arc phase (t o< 1075 s), and the glow phase (t o< 1073 s), as
shown in Fig. 4.1.

In the pre-breakdown phase, because of the very high voltage applied between
electrodes (up to 10 kV as shown in Fig. 4.1) free electrons move rapidly from
the cathode towards the anode. On their way, some of them collide with gas
molecules creating a plasma kernel composed of positive ions, electrons, neg-
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Figure 4.1: Diagram of (a) voltage and (b) current during ignition, indicating the
four steps of ignition. Extracted from Maly and Vogel (1979).

ative ions and excited species. The newly formed charged species are also
accelerated by the electric field from the cathode towards the anode for the
electrons and negative ions, negative streamer, and from the anode toward the
cathode for the positive ions, positive streamer. At this point, the plasma is at
a non-equilibrium state. The electrons are at very high temperature T, ~ 10
000 K while other species remain at low temperature (1000 K).

The breakdown phase occurs when a continuous streamer joins the cathode and
the anode so that the gap is bridged (after few nanosecond). The gap impedance
drops, the voltage diminishes and the current is dramatically boosted for 20-60
ns up to 200 A. The collisions become stronger. The plasma is heavily heated
up to 60 000 K (hot equilibrium plasma), the molecules are fully dissociated and
ionized. The gas dilatation due to the temperature increase induces a strong
blast wave which expands the kernel in all directions.

After the breakdown, the electric power level is reduced by 2-3 orders of mag-
nitude. This is the arc phase. During this period, the ionized gas cools down
progressively towards the adiabatic flame temperature. Ionized species thus
recombine into uncharged species. At this time, the hot kernel growth is a the
competition between heat release by combustion and thermal diffusion.

The spark ends with the glow phase. It’s the longest phase (t oc 1072 s) that
provides most of the external energy to the gas. When it takes place, the hot
kernel has already propagate away from the spark plug zone. The energy de-
posited during this phase acts as a heat source term for the burnt gases.



68 CHAPTER 4 - TOWARD NEW IGNITION SYSTEMS

Analysis of spark plug energy efficiency shows that a large amount of the electric
energy released is lost or useless for combustion initiation even when transmit-
ted to the gas. The spark energy is split between the phases as follow: the
pre-breakdown and breakdown phases represents roughly 3% of the total en-
ergy, the arc phase energy 3% and the glow phase energy, the most energetic
one, about 94%. About 40% of the energy is lost in the electrical circuit during
the breakdown, arc and glow phases due to the Joule effect induced by the
established electric current (Verhoeven (1997)). The remaining energy, about
60% is given to the gas but not all of it is actually useful for combustion initi-
ation. The energy deposited during the glow phase does not contribute much
to the ignition process as it arrives way after the kernel has propagated away
from the discharge zone and has only as effect the heating of the hot burnt
gases present in the inter-electrodes region. The transition of the plasma from
a non-equilibrium state (partially ionized low temperature gas) to an equilib-
rium state (fully ionized high temperature gas) during the phase breakdown
is also an important source of energy loss. The significant increase of gases
temperature, from 1000 K to 60 000 K, during the transition leads to the for-
mation of a strong shock wave that removes part of the deposited energy when
it propagates away from the kernel. Gases radiation, also induced by the high
gases temperature, removes also a part. The energy that contributes to the
ionization of the species, an endothermic process is also lost energy as the ion-
ized species don’t help improvement of the combustion process. The only phase
that is effective without great loss of energy is the pre-breakdown phase that
allows the formation of non-equilibrium plasma composed of highly-reactive
low-temperature species that greatly improves the combustion process. Ulti-
mately, the overall energy efficiencies of spark ignition is around 10% to 30%
(Maly and Vogel (1979); Teets and Sell (1988)).

Despite the energy losses, The spark plugs have been for a long time the most
efficient way to ignite combustion chambers. However, with the advent of the
new combustion technologies that operate at lean regimes in order to reduce
pollutants emissions, it becomes more and more difficult to initiate the com-
bustion process and spark plugs have proven to be rather inefficient and too
energy costly.

4.2.2 NRP discharges ignition

The solution proposed to improve the performances of electric discharges con-
sists of generating only a non-equilibrium plasma which allows the dissociation
of chemical species into reactive radicals while limiting the heating and ion-
ization of the gas sources of energy losses. This can be done by reducing the
intensity and shortening the duration of the discharges and therefore canceling
the breakdown, arc and glow phases to prevent the transition toward an equi-
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librium plasma. This principle is used in the Nanosecond Repetitively Pulsed
(NRP) discharges.

A comparison between spark plugs and NRP discharges ignition was performed
by (Xu et al. (2015)). An audi coil spark plug and a series of 82 NRP pulses at
PRF = 30 kHz, set to have approximately the same power and the same total
deposited energy, were used to ignite a propane-air mixture with an equivalence
ratio ¢ = 0.7 in a constant volume cylindrical chamber. The experimental con-
figuration shown in Fig. 4.2 has been operated at different pressure levels (3
bar, 5 bar, 10 bar).
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- Current monitor

NRP discharges generator

Combustion chamber
Sapphire window

-m[-'
Fuel-air mixture —» =ﬁ= =R’}= —> Vacuum pump
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Pressure gage

Figure 4.2: Schematic representation of the combustion chamber and the electric
circuit used by Xu et al. (2015).

High-speed schlieren images of the mixture ignition by a conventional spark
plug and NRP discharges at different pressure levels 3, 5 and 10 bar are shown
in Fig. 4.3. For all the cases, a flame is formed in the discharge channel and
propagates outward. The results show that the flames ignited by NRP dis-
charges are more wrinkled and propagate at a greater speed, especially at high
pressures. At 15 ms for instance, the flame radius in the 5 and 10 bar cases is
about 2 mm greater than with the spark plug.
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Figure 4.3: Schlieren images of C3Hg /air (¢ = 0.7) flames at 3, 5 and 10 bar ignited
by 82 NRP discharges at 80 kHz (55 mJ — 22 W — 2.7 ms) and by a conventional
spark plug Audi coil (57 mJ — 16 W — 3.5 ms). Extracted from Xu et al. (2015).
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This study and others (Starikovskiy and Aleksandrov (2013); Ju and Sun
(2015); Merotto et al. (2022)) have shown that NRP discharges are a more
energy efficient way to initiate combustion processes compared to conventional
ignition systems. However, in order to integrate this new technology in future
combustion systems and fully control the ignition by NRP discharge, a com-
plete understanding of the governing physics and the impact of the different
discharge parameters is necessary.

Numerical studies, lately performed, have given new insights into the fundamen-
tal mechanisms of plasma-assisted ignition. 0-D detailed simulations performed
by Popov (2007); Aleksandrov et al. (2009); Adamovich et al. (2015); Mao and
Chen (2018) to investigate the influence of the atomic particles (O, H, N) and
excited species (O2(alA,), Ha(v), NQ(A,B,C,a/) , ...), produced by nanosecond
discharges, identified new kinetic pathways in the combustion process. 1-D and
2-D simulations of lean laminar flame ignition by NRP discharges (Breden et al.
(2013); Tholin et al. (2014); Casey et al. (2017); Sharma et al. (2019)) showed
a discharge chemical effects on the combustion with an important production
of radicals such as O, OH, H, CH3 that causes a kinetic enhancement and a
thermal effect that leads to a thermal enhancement. These numerical methods
adopted on these studies consist on solving the governing equations for the elec-
tric field, electrons, ions and the electron energy (streamers equations), as well
as the continuity equations for neutral and excited species, the energy, mass and
momentum balance equations for the gas mixture (Navier-Stokes equations).
Despite their accuracy, these strategies require high computational resources
which are too expensive for 3-D flame simulations.

Using the phenomenological plasma model they developed in Castela et al.
(2016), Castela et al. (2017) performed one of the first 3D simulations of
plasma-assisted ignition by NRP discharges in which the dynamics of flame ig-
nition is well captured in respect to experimental measurements. In particular,
the simulation highlighted the existence of hydrodynamic effects induced by the
NRP discharges, which are not captured in the 1-D and 2-D simulations, that
play an important role in the efficiency of the ignition process. The results of
these simulations are presented and discussed in the following section.

4.3 Dynamic of flame ignition by a single NRP dis-
charge pulse

Flame ignition by a single pulse NRP discharge has been recently investigated
both experimentally and numerically by Castela et al. (2017) in order to un-
derstand the dynamics of NRP discharges kernel formation and development.
The experimental setup designed by Xu et al. (2015) is used to monitor the
temporal evolution of the gas density distribution after a NRP discharge pulse.
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the configuration consists of a constant volume chamber (V = 100 cm?) with
two sapphire optical windows of 5 cm diameter each installed into the chamber
walls to provide access for optical diagnostics. Two co-linear graphite electrodes
connected a pulse generator are placed in the center of the chamber and used
to apply the NRP discharge, Fig. 4.2.

The chamber is filled with a lean methane-air mixture (¢=0.7) at pressure of
p = 1 atm and temperature of T = 300 K. A NRP discharge pulse of 1.4 mJ
and 20 ns duration is then applied to ignite the quiescent mixture. Using a
schlieren technique, images of the gases density distribution are taken.

3-D simulation of the experiment were performed with the DNS compressible
code YWC (Coussement (2012)) using the phenomenological NRP discharge
model and a detailed methane-air combustion mechanism of 29 species and 141
elementary reactions (Lindstedt (1998)). The computational domain is shown
in Fig. 4.4(a). The discharge channel, has quasi-cylindrical shape displayed in
Fig. 4.4(b).
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Figure 4.4: a) Schematic representation of the 2-D and 3-D computational domain
used for the one pulse NRP discharge simulations. b) Schematic representation of
the shape and the location where the energy of the discharge is deposited in the 3-D
computational domain. From Castela et al. (2017).

Side-by-side experimental (left) and 3-D computational (right) schlieren images
captured at 5 instants following the discharge pulse are shown in Fig. 4.5 (a).
Figure. 4.5 (b) shows for the same instants, the flow streamlines superposed
with the gas temperature fields. By the end of the pulse, t = 0.3 us, the energy
deposition has generated a hot reacting kernel of a cylindrical shape in the dis-
charge zone in which the temperature reaches a maximum value of 2100 K. At t
= 2 us, the images show that the hot gases have expanded increasing the radius
of the kernel and decreasing its temperature. After that, t = 9 us, 80 us and
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200 ps, two recirculation zones are formed in the near-field of the electrodes
accelerating the flow towards the center of the discharge channel. Fresh gas
are entrained into the discharge channel and gas temperature decreases from
2000 to 600 K. The initially cylindrical hot kernel (at t = 2 us) evolves into a
toroidal shape. The OH mass fraction spatial and temporal evolution shown in
Fig. 4.6 follows the same pattern. It reaches a maximum value of 5.10~% at the
end of the pulse, decreases a little bit when the gases expand, then collapses
under the effect of the reciculation zones, evolving from a cylindrical shape a
toroidal. The fresh gases brought to the center of the kernel by the flow recircu-
lation gradually decrease the temperature and radicals first at the center then
the edges of the kernel inducing it’s extinction. As observed experimentally the
chamber does not ignite.

This study shows the complexity of the flame ignition process by NRP dis-
charges. On the one hand, a NRP discharge pulse, thanks to its thermal and
chemical effects, is able to create a hot reactive ignition kernel and initiate com-
bustion, but on the other hand, generates hydrodynamic effects that prevent
the propagation of this ignition kernel which leads, in most of the case where
only one pulse is applied, to an ignition failure.

The origins of these hydrodynamic effects and the means to prevent them are
investigated in the next section.
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Figure 4.5: Hot kernel topology captured at 5 instants after the plasma discharge
in methane-air mizture: (a) Experimental (left side) and computational (right side)
schlieren images. (b) Superposition of the computed gas temperature field and flow
streamlines coloured by velocity magnitude. The same color map of velocity magnitude
is used in for all images shown here, but the maximum value V max varies and is
indicated above each image. From Castela et al. (2017).
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Figure 4.6: 3-D plot of the OH mass fraction at 6 instants following the discharge
pulse. The initial cylinder-shaped hot kernel evolves into a toroidal shape. From
Castela et al. (2017).

4.4 NRP discharges hydrodynamic effects

The hydrodynamic effects inducing the toroidal collapse of the plasma kernel
have been previously observed in other ignition systems. (Kono et al. (1989))
presented a study describing the process of formation of hot kernels by short
duration conventional spark discharges (about 300-nanosecond duration). The
study showed that for small inter-electrode gap distance a gas flow is formed in
the discharge zone after the plasma pulse turning the initially cylinder-shaped
hot kernel into a toroidal kernel, Fig. 4.7. Resembling effects have been later
observed in laser induced spark ignition and studied by Bradley et al. (2004).
However none of these studies provided an explanation of the gas flow genera-
tion in the post-discharge.

Dumitrache et al. (2019) conducted a detailed experimental and numerical
study to identify the mechanisms responsible of these hydrodynamic effects.
The experiment was performed on the same configuration studied by Castela
et al. (2017), Fig. 4.4(a). Movable electrodes were added to the set-up to
adjust the inter-electrode gap distance and using the same optical diagnostics
high speed schlieren images of the kernel were captured. The numerical simula-
tions were performed with a simplify NRP discharge where only the ultra-fast
heating was modeled.
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Figure 4.7: Schlieren photographs of short spark kernel in air. Spark energy: 4.6 mJ.
Reproduced from Kono et al. (1989).

The results showed that gas flow leading to the toiridal collapse of the hot ker-
nel is due to a generation of vorticity at the top and bottom edges of the kernel
(Dumitrache et al. (2019)), schematize in Fig. 4.8.

To identify the source of flow rotation a numerical analysis of the vorticity equa-
tion, obtained by taking the curl of the momentum equation was performed.
The terms composing the vorticity equation are the following, Eq. (4.1) :

D_‘ = = ]_ hd =d =d
(@ V)E - BV T + /?[Vp x Vp| + vV (4.1)

where &, @, p and p are the vorticity, the velocity, the density and the pressure
of the flow respectively.

The left-hand side %‘f is the material derivative of the vorticity.

The first term on the right-hand side (& - V)@ describes the enhancement of

vorticity by stretching and is the mechanism through which turbulent eddies
transfer energy to smaller scales.

The second term on the right-hand side &(V - @) corresponds to the volumetric
expansion of the gas flow.
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Figure 4.8: Schematic diagrams showing the vorticity generated at the top and bottom
edges of the kernel after a pulse of NRP discharges. From Dumitrache et al. (2019).

the third term on the right-hand side p% [ﬁp X ﬁp] describes vorticity generated
by a baroclinic instability in the flow. It is created by a misalignment between
the density and pressure gradients that induces baroclinic torque.

The fourth term on the right-hand side vV2@ describes the effects of viscous
diffusion on vorticity generation.

The contribution of each term to the rate of vorticity generation when NRP
discharge pulse is applied in the air is shown in Fig. 4.9 . The rate of vortic-
ity generation is maximal immediately after the pulse then decreases gradually.
The main contributor to vorticity generation is the baroclinic torque term which
accounts for more than 85% of the total rate. This term is due to misalignment
between the density and pressure gradients which are created by the ultra-fast
heating induced by the plasma discharge.

The source of the vorticity being related to amplitude of density and pressure
gradients created by the gases heating, reducing the pulse energy density, by
increasing the inter-electrode gap distance or by decreasing the discharge en-
ergy, allows to reduce or even prevent the baroclinic instabilities, as shown by
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Figure 4.9: Contribution of each term in the vorticity equation to the rate of vorticity
generation as a function of time for an interelectrode gap corresponding to: d = 1 mm.
From Dumitrache et al. (2019).

Dumitrache et al. (2019). However, this does not ensure the ignition of the
flame with a single NRP pulse, even if the undesirable hydrodynamic instabil-
ities are canceled, because the deposited energy is too low.

4.5 Conclusion

Nanosecond Repetitively Pulsed (NRP) discharges have shown to be a partic-
ularly energy efficient way to promote flame ignition in lean regimes especially
when conventional ignition systems such as spark plugs are rather ineffective
or too energy costly. However, contrary to conventional spark plugs where a
single energy deposit ensures generally the ignition of the combustion cham-
bers, a single pulse of NRP discharges is often not sufficient, either because of
hydrodynamic instabilities or because the deposited energy is too low. A solu-
tion consists therefore in applying a series of NRP discharge pulses to supply
the ignition kernel with energy until the ignition of the reactive mixture. The
dynamics of flame ignition by a series of NRP pulses is studied in the following
chapter.






Chapter 5

Dynamic of flame ignition by a
series of NRP discharge pulses

The aim of this chapter is to study the dynamics of flame ignition by
a series of NRP discharge pulses. The target configuration is the flow
tunnel combustor, a flowing methane-air combustion chamber designed
by Lefkowitz and Ombrello (2017) to investigate plasma-assisted igni-
tion mechanisms. Depending on the flow and discharge parameters,
three pulses interaction regimes have been observed experimentally, a
fully coupled regime, a partially coupled regime, and a decoupled regime.
FEach regime is characterized by distinct ignition probabilities and ker-
nel structures. An analysis of the experimental results is performed to
identify the parameters that control the pulse interaction regimes and
therefore the ignition efficiency. 3-D Large Eddy Simulations (LES) of
the flow tunnel ignition by NRP discharges are then performed using the
phenomenological plasma model of Castela et al. (2016). The objective
1s to further investigate the influence of the flow and discharge proper-
ties, to understand the plasma-flow-combustion interaction mechanisms
and to define the best set of parameters to be used to ensure successful
flames ignitions.
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5.1 Introduction

Experimental and numerical studies of flame ignition have shown that a single
NRP discharge pulse is often not sufficient to ensure the ignition of hydrocarbon-
air mixtures. The entrainment of fresh gases towards the center of the discharge
channel, due to the hydrodynamic instabilities generated by the ultra-fast en-
ergy deposition, progressively reduces the temperature and radicals concentra-
tion of the hot kernel leading ultimately to it extinction. The solution that was
naturally considered, to make the NRP discharges more effective, consists in
applying a series of consecutive pulses. The objective is to successively supply,
pulse after pulse, the hot kernel with heat and radicals until the flame ignites.
The objective of this chapter is to investigate numerically the dynamic of flames
ignition by a series of NRP discharges pulses.

The chapter is structured as follows. Section. 5.2 introduces the flow tunnel
configuration, a flowing methane-air combustion chamber designed to study the
ignition of flames by NRP discharges. Section. 5.2 is devoted to the investi-
gation of the pulses interaction regimes observed by Lefkowitz and Ombrello
(2017) in his experimental study of the flow-tunnel configuration, and to the
identification of the parameters that influence the efficiency of flames ignition
by NRP discharge. A dimensionless approach is then proposed to predict the
pulses interaction regimes and the ignition probability according to the flow
and discharge parameters. Section. 5.4 presents the 3-D LES of the flow tun-
nel ignition by NRP discharges performed using the phenomenological plasma
model of Castela (2016). Two parametric studies are conducted. The first one
investigate the impact of the flow velocity on the ignition process while the sec-
ond one investigate the impact of pulse repetition frequency. The conclusions
of the studies are summarized in Section. 5.5.

5.2 Flow tunnel configuration

To study the dynamics of flame ignition by a series of NRP discharge pulses,
Lefkowitz and Ombrello (2017) designed an experimental combustion chamber,
the flow tunnel configuration, that allows an easy and precise control of the
flow operating conditions (velocity, equivalence ratio) and plasma discharges
parameters (pulse energy, pulse repetition frequency, ...). The configuration,
shown in Fig. 5.1, consists of a square cross-section tube of 3.81 c¢m side and
25.2 cm length with windows of fused silica on three lateral faces that give ac-
cess to optical measurements. A methane-air mixture at atmospheric pressure
and 295K is introduced from the inlet. The inflow Reynolds numbers ranges
between 6 000 and 24 000. The flow is regularized by using a three meshed
screens to reduce large scale eddies and have a uniform flow-rate across the
tunnel section. Right before the end of the tunnel, a small cross-flow of inert
gases is injected to prevent flame holding. Two tungsten electrodes of 1.6 mm
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diameter and 20° tip angle are placed 5.18 cm downstream the gases inlet per-
pendicular to the direction of the flow. The electrodes are connected to a pulse
generator capable of supplying up to 500 pulses at 300 kHz and at voltages up
to 15 kV. The inter-electrode distance can be adjusted with micrometers with
an optimal distance found by Lefkowitz and Ombrello (2017) to be equal to 2
mm. For smaller inter-electrode distances significant heat losses are induced at
the electrodes, quenching the hot gases kernel and leading to poor ignition per-
formances. As for larger distances, the amplitude of the electric field generated
between the two electrodes is not sufficient to deposit the minimum amount of
energy needed for the flame ignition.

Flow
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Figure 5.1: Diagram of flow tunnel. Extracted from Lefkowitz and Ombrello (2017).
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5.3 NRP discharge pulses interaction regimes

A parametric exploration was performed by Lefkowitz and Ombrello (2017) to
study the impact of flow and discharge parameters on the ignition process of
the flow tunnel configuration by NRP discharges. The effects of flow velocity in
the range of 2.5-10 m.s~! and pulse repetition frequency (PRF) in the range of
1-300 kHz were investigated. The results showed the existence of three pulses
interaction regimes characterized by distinct ignition probabilities and kernel
structures :

Fully coupled regime: the pulses are deposited on top of each other in the
discharge zone which results in the formation of a single, coherent ignition
kernel with very high ignition probability as shown in case a, b, ¢ and d
of Fig. 5.2.

Partially coupled regime: the volume of heated gases created by the dif-
ferent pulses are connected but not completely merged. The resulting
ignition kernel has an elongated shape as observed in the e, f and g case
of Fig. 5.2. Depending on the operating conditions and the plasma pa-
rameters the interaction between the pulses can lead in some cases to a
successful ignition in and others to an ignition failure. The ignition prob-
ability in this regime is low compared to the fully coupled regime.

Decoupled regime: the pulses are spaced out and independent from each
other. The ignition kernels formed at each energy deposition don’t inter-
act as observed in case h and i of Fig. 5.2. The overall ignition probability
is a linear function of the probability that a single pulse induces a suc-
cessful ignition. As in most cases, it is impossible to ignite the flame with
a single NRP discharge pulse, the ignition probability of this regime is
often equal to zero.

The main parameters that influence the regime of interaction between the pulses
are the flow velocity (V fi0,) and the pulse repetition frequency (PRF). These
two parameters control two characteristic times :

e The residence time of the gases in the discharge zone, 7T,¢s. It is assumed
that the gases cross the plasma discharge at a uniform velocity V ¢4, as
indicated in Fig. 5.3. The residence time is then approximated as follow:

Ddischarge (51>
Vflow

Tres ~

where Dgischarge 18 the discharge diameter.
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Figure 5.2: Schlieren images of flow tunnel ignition by NRP discharges for various
pulse repetition frequency, taken at ¢= 0.6, U = 10 m/s, D = 2 mm, and N =
20. Three pulses interaction regimes are observed. A fully coupled regime for high
frequencies (f > 10 KHz). A partially coupled regime for intermediate frequencies ( 10
KHz < f< 2 KHz). A decoupled regime for low frequencies (f < 2 KHz). Reproduced
from Lefkowitz and Ombrello (2017).
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Figure 5.3: Schematic representation of the inter-electrode region. The residence
time of the gases in the discharge zone of diameter D for a flow at a uniform velocity
Vflow 18 equal 10 Tres =2 Ddischarge/vflow'
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e The inter-pulse time Tj,terpuise T€Presents the time between two consecu-
tive pulses and is given by the inverse of the pulse repetition frequency
(PRF) or (fpulse):

1

fpulse (52>

Tinter—pulse =

These two characteristic times are compared by introducing the dimensionless
number « defined as the ratio between the residence time of the gases in the
discharge zone and the inter-pulse time:

Tres _ Ddischarge X fpulse

(5.3)

“ Tinter—pulse Vflow
If @ > 1, the residence time of the gases in the discharge zone is greater than
the time between two pulses (Tres > Tinter—puise ). The flow velocity that
convects the hot gases created by a plasma pulse away from the discharge
zone is smaller than the pulse repetition frequency. The pulses are de-
posited on top of each other and accumulate their effects to create a large
hot kernel that leads to flame ignition. This case corresponds to the fully
coupled regime observed experimentally with a high ignition probability.

if a &~ 1, the residence time of the gases in the discharge zone and the time
between two pulses are almost equivalent (Tres = Tinter—puise ). The hot
reactive gases of the pulses have almost completely left the discharge zone
before the next pulse. A partial accumulation of the pulses effects is ob-
tained which can lead in some cases to the creation of a sufficiently large
hot kernel to induce the flame ignition. This case corresponds to the par-
tially coupled regime with a low ignition probability.

if o <1, the residence time of the gases in the discharge zone is smaller than
the time between two pulses (Tres < Tinter—puise ). The hot reactive gases
generated by a pulse are convected away from the discharge zone before
the next one. The pulses effects don’t accumulate and the small separated
kernel formed by each pulse are not sufficient to allow the flame ignition.
This case corresponds to the decoupled regime with a very low ignition
probability.

The computation of the dimensionless number o can be used to identify the
pulses interaction regime that results from the imposed flow operating condi-
tions and the plasma parameters and thus predict whether the ignition proba-
bility is going to be high or low.

This simple analysis is applied to the cases investigated in (Lefkowitz and Om-
brello (2017)) where the impact of the residence time and the inter-pulse time
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on the ignition probability were studied by varying the gases injection velocity
and the pulse repetition frequency (PRF). Three bulk velocities U, were con-
sidered ( Uy = 2.5 m.s™, Uy = 5 m.s™!, Uy, = 10 m.s™!) for which a series of
10 NRP discharges pulse were applied at different pulse repetition frequencies
(f = 1.0 KHz, f = 2.0 KHz, f = 5.0 KHz, f = 10.0 KHz, f = 300.0 KHz). The
schlieren images and the value of the dimensionless number « of each case are
shown in Fig.5.4

U=25m/s U=5m/s U=10m/s
~a=118]| a=59 W

S ™ =8 | M g—4] a=2 "™

~
>
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Figure 5.4: Schlieren images of flow tunnel ignition by NRP discharges for various
flow inlet velocity (U, = 2.5 m.s™t, U, = 5.0 m.s7!, U, = 10 m.s71) and pulse
repetition frequency(PRF = 1 kHz, PRF = 2 kHz, PRF = 5 kHz, PRF = 10 kHz,
PRF = 300 kHz ), taken at ¢= 0.6, D = 2 mm, and N = 10 (Lefkowitz and Ombrello
(2017)). The number « indicated for each case corresponds to the interaction regime
dimensionless number Tres/Tinter—pulse- Lhree pulses interaction regimes are observed.
A fully coupled regime (o > 1). A partially coupled regime (o = 1). A decoupled regime
(a < 1).

For the cases where o > 1, the schlieren images show the formation of a single,
large coherent hot reactive kernel indicative of the flame ignition and propaga-
tion, corresponding well to the fully coupled regime.

For o <1 (= 0.4, a = 0.2), the schlieren images show the formation of either
a very elongated kernel or spaced small kernels with no visible flame propaga-
tion indicating a non ignition of the mixture as reported by the experimental
study. This cases corresponds well to the decoupled regime where the ignition
probability is zero.

Finally for « ~ 1 (v = 1.0, @ = 0.8) the schlieren images show an elongated
kernel which leads in some cases (U, = 5 m, KHz, f = 2.0, o = 0.8 for example)
to flame ignition and in other cases (Up = 10 m, KHz, f = 5.0, « = 1.0) to a
no ignition. This cases correspond to the partially coupled regimes where the
ignition probability is low but not zero.
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This dimensionless approach can be used as a preliminary step to estimate the
NRP discharge properties that ensure an efficient ignition of combustion cham-
bers. Depending on the target configuration, the first choices concerning the
positioning of the discharges in the flow, preferably in low velocity zone to have
a residence time of the gases in the discharge zone high enough, and the pulse
repetition frequency to have an alpha higher than 1 can already be made.

This approach is however limited for the following reasons. First, while it is
easy to compute the inter-pulse time, the estimation of the residence time is
not straightforward. It is necessary to take into account the mean flow, the
turbulence and also the hydrodynamic instabilities generated by the NRP dis-
charges which are case dependent and difficult to estimate precisely. Secondly,
this approach does not give the number of pulses and the energy needed for the
ignition which are primordial information needed to build the electric system
(pulse generator power, cables, electrodes) of the discharges.

To address these physical phenomena, we propose to conduct 3-D unsteady
simulations of the complex interactions between the turbulence, the plasma
and the combustion.

5.4 LES of flow tunnel ignition by NRP discharges

Large eddy simulations of the flow tunnel flame ignition by NRP discharges are
performed using the phenomenological NRP discharge described in Chapter. 2.
The objective is to evaluate the ability of the model and the numerical meth-
ods to reproduce the effects of the discharges and investigate the impact of the
flow operating conditions and the discharge properties on the pulses interaction
regimes and the ignition process.

5.4.1 Numerical set-up

The simulated domain is displayed in Fig. 5.5. The inlet is located after the
meshed screens used to regularized the flow which are not modeled in the sim-
ulations. The dimensions given by the authors in the experimental article are
reproduced, with a chamber side square-section of 3.81 cm and a 25.2 cm length.
Two electrodes of 1.6 mm diameter and 20° tip angle are placed 5.18 cm down-
stream the gases inlet perpendicular to the direction of the flow and separated
by a 2 mm gap. The walls (tunnel lateral walls, electrodes) are considered adi-
abatic since no cooling system is used in the experiment and the impact of heat
transfer was not quantified. This choice remains correct as the flame kernels
remain at the center of the flow tunnel and do not interact with the walls of
the chamber.
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Figure 5.5: Flow tunnel 3-D geometry.

To identify the optimal spatial resolution of the plasma, a series of five electri-
cal low energy pulses has been computed on three different grids characterized
by cells size of 25 pum, 50 um, and 100 um in the discharge zone, respectively.
Figure. 5.6 shows that the evolution of the maximum temperature and O con-
centration at the discharge center are the same for the three meshes.
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Figure 5.6: Sensitivity study of the grid resolution in the discharge zone. Temporal
evolution of mazimal values of temperature and atomic oxygen O concentration reached
in the discharge are plotted during 5 pulses. Three different mesh size are tested,
corresponding to cell size of 25 um (black), 50um (blue) and 100 pm (red, retained

for the LES) in the discharge zone.

The retained mesh for this study is the 100 pum mesh | shown in Fig. 5.7. It
consists of 40 millions tetrahedral elements, refined in the inter-electrodes re-
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gion, with a cells size of 0.1 mm. In the flame zone, shown in red, the cells size
ranges between 0.1 mm to 0.2 mm.

The simulations are performed with the YALES2 unstructured finite-volume
low-Mach number solver (Moureau et al. (2011)). The time integration uses
a fourth-order temporal scheme with a centered fourth order scheme for spa-
tial discretization. The sub-grid Reynolds stresses tensor is closed using the
Dynamic Smagorinsky model (Germano et al. (1991)). The analytical LU19
kinetic scheme involving 19 species and 184 reactions is used for the methane-
air mixture chemistry. Species equations are coupled with turbulence using the
thickened flame model for LES (TFLES Colin et al. (2000)) with a dynamic
flame sensor and the Charlette sub-grid scale flame wrinkling model (Charlette
et al. (2002)). The average and maximum thickening obtained in the simula-
tions are around 1.5 and 2, respectively.

|
5.0e-05 0.0005 0.001 0.0015 2.0e-03
Cell size [m]

Figure 5.7: 2-D view of flow tunnel mesh colored by the cell size dimension.

The plasma discharge has a quasi-cylindrical shape filtered with the spatial
function F(r) = erfc[(r/a)’] where r the radius is equal to 0.5 mm, a = 3.107%
and b = 2.5 are geometric filter parameters, fitted to insure that the discharge
radius is well reproduce and that there is a sufficient number of mesh points
(3 points) at the interface between the plasma and the gas to avoid the gen-
eration of strong gradients during the pulse that can cause numerical issues.
The discharge length is equal to 2 mm corresponding to the inter-electrode dis-
tance. The average electric energy deposited at each pulse has been measured
by the authors. They concluded that the deposited energy per pulse is almost
constant, 2.9 0.23mJ per pulse, except for the first pulse which has 0.4mJ less
deposited energy.
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5.4.2 Effect of the flow velocity

The first study focuses on the effects of the flow velocity on the process of
ignition by NRP discharges. The three bulk velocities U investigated experi-
mentally are retained :

1. Uy =25 ms L
2. Up=5.0m.s 1.
3. Up=10.0 m.s~ L.

For each simulation, the flow tunnel is fed with a methane-air mixture at an
equivalence ratio of (¢ = 0.6).

-1.5e+00 0 1 2 3 4 5.0e+00
Velocity [m/s]

Figure 5.8: Instantaneous axial velocity field in the centerline plane of the flow
tunnel configuration obtained for a bulk velocity U, = 2.5 m.s~!. Recirculation zones
are formed behind the electrodes.

Figures. 5.8, 5.9, 5.10 show the instantaneous 2-D axial velocity field in the
centerline plane of the flow tunnel configuration (plane of the electrodes). For
the three cases, the presence of the electrodes induces an important acceleration
of the flow in the inter-electrode zone with a 60% increase of the velocity for the
Up = 2.5 m.s~ ! case, from 2.5 m.s~! to 4 m.s™!, a 50% increase for the U, = 5
m.s~! case, from 5 m.s™! to 7.5 m.s~! and also 50% for the Uy = 10 m.s~!
case, from 10 m.s~! to 15 m.s~!.the increase is accompanied by a creation of
turbulence downstream the electrodes.

Once the chamber is filled with the methane-air mixture and the steady state
reached, a series of 10 pulses is applied to ignite the chamber. A constant pulse
repetition repetition frequency (PRF) of 5 KHz is used for the three cases.

Temperature and OH radical concentration 2-D fields images at different in-
stants of the ignition events are shown in Fig.5.11, along with the bulk velocity
of each case.
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Figure 5.9: Instantaneous axial velocity field in the centerline plane of the flow
tunnel configuration obtained for a bulk velocity U, = 5.0 m.s~'. Recirculation zones
are formed behind the electrodes.
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Figure 5.10: Instantaneous axial velocity field in the centerline plane of the flow
tunnel configuration obtained for a bulk velocity U, = 10.0 m.s~!. Recirculation zones
are formed behind the electrodes.

The first column, taken at 4.5 us after the first discharge pulse, shows that the
NRP pulse induces a significant increase of gases temperature, from 295 K to
1400 K, accompanied by a production of OH radical that reaches a concentra-
tion of 6 - 1072 mol.m 3. For the three cases, these effects lead to the formation
of quasi cylindrical hot reactive kernel in the discharge zone for the three cases.

At 50 ps, second column, the reactive hot kernel has evolved from its initial
quasi-cylindrical shape to a toroidal shape under the effect of the baroclinic
instabilities induced by the discharge as discussed in Section. 4.4. In the cen-
terline plane of the flow tunnel configuration, the toroidal shape of the kernel
is seen as two small round regions of high temperature and OH radicals. The
kernel is stretched by the two recirculation zones formed by the instabilities,
half is convected in the same direction as the flow, to the right of the discharge
zone (right-part), and the other half in the opposite direction of the flow, to
the left of the discharge zone (left-part). If the flow velocity is too low, the
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hot gases convected in the opposite direction may travel upstream. It is the
case for Uy =2.5 m.s™! and Uy = 5.0 m.s~!, where the left-part of the kernel is
located at the left of the electrodes, outside the discharge zone.

At 205 ps, the second pulse has been applied for all three cases. For Uy = 2.5
m.s~ ! and U, = 5.0 m.s~! the left-part of the first pulse kernel is still in the dis-
charge zone when the second pulse is applied. The effects of the second pulse
add up to the first one and results in an additional increase of temperature
and OH concentration that reach 3500 K and 1.6 - 10~! mol.m_3 respectively.
The right-part of the kernel has been transported by the flow away from the
discharge zone and does not interact with the second pulse. Due to thermal
diffusion and chemical recombination the temperature and the OH concentra-
tion of this region have significantly decreased.

For the U, = 10 m.s~! case, the hot reactive kernel transported by the flow
is outside the discharge zone when the second pulse is applied and does not
interact with it. Due to thermal diffusion and chemical recombination, it has
lost a significant amount of its heat and chemical reactivity. The second pulse
is deposited in fresh gases conditions similar to the ones encountered by the
first pulse inducing the same effects, an increase of temperature and OH con-
centration.

At 840 us, 5 pulses have been applied. For U, = 2.5 m.s™! and Uy = 5.0 m.s~*
cases the pulses continue to overlap, the trend of increasing the temperature
and OH concentration is repeated. A large kernel has formed and began to
propagate downstream and upstream the discharge zone. In these two cases,
the pulses are in a fully coupled interaction regime. For the Uy = 10.0 m.s~!
case, the hot reactive kernels created at each pulse partially merge with each
other. However, This weak interaction does not allow to increase or maintain
the heat and the reactivity of the kernels which end-up being quenched by the
flow as seen here for the first four kernels. The simulation indicates that in this
case the pulses are in a partially coupled regime.

At 1.74 ms, all 10 pulses have been applied. In line with what was observed
previously, the pulses continued to be deposited on top of each other for the
Uy = 2.5 m.s~! and Uy = 5.0 m.s~! cases. The region of high temperature and
OH concentration has expanded for both cases indicating a successful ignition.
For U, = 10.0 m.s™!, spaced hot gases region are visible. A chemical activ-
ity seems to persist in the last formed kernel with a small amount of OH still
presents near the electrodes. All the other kernels have however been quenched.

At 2.5 ms, 700 us after the end of the 10 pulses burst, the ignited kernels of
the Uy = 2.5 m.s™! and Uy = 5.0 m.s~! cases have developed downstream into

self-propagating flames. Inside the kernel, temperature and OH concentration
reach equilibrium ( T = 1670 K and [OH] = 2.9 - 1072 mol.m~3). For U, = 10.0
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m.s~! case, all the kernels are quenched. OH radical is no more present and

hot gases have been cooled down.
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Figure 5.11: Temperature (top) and OH concentration (bottom) instantaneous 2-D fields in the centerline plane of the flow tunnel
configuration taken at different instants for various bulk velocities. The methane-air mizture equivalence ratio (¢ = 0.6) and the pulse
repetition frequency (PRF = 5 kHz) are constant for the three cases. The images show that the ignition occurs for U, = 2.5 m.s~! and
Uy = 5.0 m.s~! cases, but does not for the U, = 10.0 m.s~! case.
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The successful ignition of the Uy = 2.5 m.s™' and Uy, = 5.0 m.s™! and the
non-ignition of the U = 10.0 m.s~! predicted by the the numerical simulations
are in agreement with the experimental observations of Lefkowitz and Ombrello
(2017) as summarized in Tab. 5.1.

Flow bulk velocity | Experiment Simulation
U, =25ms ! Ignition Ignition
Uy =5.0ms! Ignition Ignition
U, = 10.0 m.s~! | Non-ignition | Non-ignition

Table 5.1: Comparison between the numerical simulations (present work) and the
experiment observations (Lefkowitz and Ombrello (2017)) of the flow tunnel ignition
success or failure by NRP discharges for three bulk velocity (U, = 2.5 m.s™, U, = 5.0
m.s~t, Uy = 10.0 m.s~%) and constant pulse repetition frequency (PRF = 5 kHz).

The simulations are also in agreement with results of the dimensionless ap-
proach which predicted a coupled regime of pulses and thus a high probability
of ignition for the Uy = 2.5 m.s™! and Uy = 5.0 m.s™! cases with a o = 4 and
a = 2, respectively, and a partially coupled regime, low ignition probability, for
the Uy = 10 m.s~! case with a = 1.0, the scaled approach indicates a o = 1.0.

The efficiency of flame ignition by a series of NRP discharge pulses is highly
dependent on the pulse interaction regime. The simulations show that to op-
erate in a fully coupled regime and ensure a high ignition probability, NRP
discharges must be applied in low velocity regions that allow a residence time
of the hot reactive gases greater than the inter-pulse time and thus ensure the
accumulation of the pulse effects. Unfortunately, such low velocity regions do
not always exist in combustion chambers. The alternative will be to decrease
the inter-pulse time by increasing the pulse repetition frequency instead of in-
creasing the gas residence time. This solution is studied in the next section.

5.4.3 Effect of the pulse repetition frequency

The impact of pulse repetition frequency (PRF) on flame ignition by NRP dis-
charges process has been investigated experimentally by Lefkowitz et al. (2020)
on the flow tunnel configurations. A sequence of 10 NRP pulses was applied
in the methane-air mixture injected in the combustion chamber at a constant
inlet velocity of Uy = 10 m.s™!, for different PRF = 2, 5, 10, and 50 kHz.

Numerical simulations of these cases are performed using the NRP phenomeno-
logical discharge model. The mesh, numerical methods, kinetic mechanism and
operating conditions are those presented in Section. 5.4.1. Four pulse repetition
frequencies (PRF) are considered :

1. PRF = 2 kHz.
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2. PRF = 5 kHz.
3. PRF = 10 kHz.
4. PRF = 50 kHz.

The objective is to investigate the impact of the pulse repetition frequency on
the efficiency of flames ignition by NRP discharges.

Figure. 5.12 shows the temperature and OH radical concentration 2-D fields in
the centerline plane of the flow tunnel configuration at different instants of the
ignition events along with the pulse repetition frequency used in each case and
the corresponding inter-pulse time (IPT = 1/PRF).

The first column of images, taken at 4.5 us after the first pulse, shows the for-
mation of an quasi cylindrical hot reactive kernel in the discharge zone in which
the temperature has increased from 295 K to 1400 K and the OH concentration
form 0 to 6 - 1072 mol.m™3.

At 24.5 ps, second column, a difference is observed between the 50 kHz and
the other cases. By this time, the 50 kHz PRF case has had a second pulse de-
posited. The pulse adds-up to the first pulse kernel increasing the temperature
and the OH concentration to 4800 K and 1.8 - 10~! mol.m ™3, respectively. For
PRF = 2, 5 and 10 kHz, only one pulse has been deposited. Under the effects
of hydrodynamic instabilities, presented in Section. 4.4, the reactive hot ker-
nel generated by the first pulse is transitioning from its initial quasi-cylindrical
shape to a toroidal shape. Inside the kernel, the temperature and OH concen-
tration have reached 2100 K and 0.8 - 10~ mol.m ™3, respectively.

At 44.5 us, 3 pulses have been deposited in the 50 kHz case. The temperature
and OH concentration continue to increase as the pulses overlap. However,
only one pulse has been deposited for the other cases (PRF = 2, 5, and 10
kHz). The hot kernel has now a toroidal shape. In the 2-D centerline plane,
the toroidal shape of the kernel is seen as two separated high temperature and
OH round regions.

At 165 us, only one pulse has been deposited for the two lowest PRF cases
(PRF = 2 kHz and 5 kHz). The hot reactive kernel created by the first pulse
has been convected by the flow away from the discharge zone. Inside, the tem-
perature and OH concentration have significantly decreased indicating that the
kernel is being quenched. For PRF = 10 kHz, the second pulse has now been
applied. Its interaction with the first kernel allows to maintain a high temper-
ature and OH concentration in the discharge zone. Finally, for PRF = 50 kHz,
9 overlapping pulses were applied. A voluminous high temperature, high OH
concentration expanding kernel is now visible.
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At 365 p s, 1 pulse have been deposited in the 2 kHz case, 2 pulses in the 5 kHz
case, 4 pulses in the 10 kHz case, and 10 pulses in the 50 kHz case. The kernel
of the 50 kHz case has developed into self-propagating flame. In the 10 kHz
case, the hot reactive kernel, supplied by the overlapping pulses, is expending
downstream. In 5 kHz case, the two generated kernels have partially merged
but appear to be quenching with only a small amount of OH remaining near the
electrodes. The single kernel of the PRF = 2 kHz almost completely quenched.

At 765 pu, the ignited flame of the 50 kHz case has moved downstream. its tem-
perature and OH concentration have returned to the equilibrium (T = 1670
K and [OH] = 2.9 - 1072). The 8 pulses applied in the PRF = 10 kHz case
have created an elongated kernel that experiences some local quenching at the
top. In the 5 kHz The same trend is repeated. The consecutive pulses merge
partially with each other but end up quenching. For PRF = 2 kHz, the two
formed kernels are independent from each other and both being quenched.

Finally, after 2 ms, the freely propagating flame of the 50 kHz case continues
to develop. The kernel of the 10 kHz case led ultimately to the ignition of the
flowing mixture, while in both the 2 kHz and 5 kHz cases the ignition is not
achieved.
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Figure 5.12: Temperature (top) and OH concentration (bottom) instantaneous 2-D fields in the centerline plane of the flow tunnel
configuration taken at different instants of the ignition events for various pulse repetition frequencies (PRF). The methane-air mizture
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In the experimental study, Lefkowitz et al. (2020) counted, over 20 repeated
pulse-bursts performed at each frequency, the number of pixels with a detectable
OH signal in the OH-PLIF frames he measured at the centerline plane of the
flow tunnel configuration. The same data is extracted from the numerical sim-
ulations by summing the surfaces of all the mesh cells with detectable OH
concentration in the plane corresponding to the field of view of the OH-PLIF
displayed in Fig.5.13. The number of pixel corresponding to detectable OH-
signal is the computed by dividing the total surface by the camera pixel surface
given in Lefkowitz et al. (2020).

Region Of Interest (ROI)

Figure 5.13: Schematic representation of the OH analysis regions. The green rect-
angle indicates the field of view of the OH-PLIF. The white rectangle indicates the
Region Of Interest (ROI) in the discharge zone.

Figure. 5.14 shows the temporal evolution of the number of pixels with de-
tectable OH for the investigated pulse repetition frequencies (PRF = 2 kHz, 5
kHz, 10 kHz, 50 kHz ). The symbols correspond to the measured values and
the continuous lines to the numerical results.

For the case PRF = 2 kHz, the experimental (black circles) and numerical
(black line) results show that at each pulse the number of pixels increases
rapidly reaching a value of 2500 pixels at the end of the energy deposition in-
dicating the formation of an OH region. Shortly after the pulse, the number of
pixels starts to decrease and eventually returns to its initial value of 0 before
the following pulse is applied. The temporal evolution of the pixels number in-
dicate that the pulses are fully decoupled in this case. In the absence of pulses
effects accumulation, the ignition attempt fails.

For PRF = 5 kHz, the trend of pixels number increase during the pulse, OH
production, followed by the pixels number decrease between pulses, OH recom-
bination, is again observed. However, as the inter-pulse time (IPT = 1/PRF
= 200 ps) in this case is smaller than the recombination time of OH a small
OH region remains between the pulses. The OH region formed by the following
pulse adds up with the remaining OH region of OH without however increas-
ing the maximum size of the overall OH region which . This weak interaction
indicates that the pulses are in a partially coupled regime.

For the PRF = 10 kHz case, the inter-pulse time is even smaller (IPT = 1/PRF
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= 100 ps). Thus the amount of OH (number of pixels with a detectable OH-
signal) that remains between two pulses is more important. The number of pixels
increases gradually to reach a value at the end of pulse-burst of 16000 pixels in
the experiment (blue diamonds) and 14000 in the numerical simulation (blue
line), leading to a successful flame ignition. After which it continues to grow
as flame propagates without the assistance of the plasma. This behavior char-
acterizes the fully coupled regime where the pulses effects add-up and always
leads to a successful ignition event.

For the 50 kHz case, the OH region (number of pixels) builds-up quicker then
the 10 KHz case. The OH quantities produced at each pulse add up, and since
the inter-pulse period is much smaller than the recombination time of the OH
no decay of the latter is observed. The number of pixels increases continuously
and reaches experimentally (green square) and numerically (green line) a value
11000 pixels at the end of pulse-burst. After that, it continues to increase as the
flame freely propagates, at a faster rate in the numerical simulations compared
to the experiment.

25000 7

Numerical Experimental u
— 7 KHz 2 KHz
= 5 KHz 5 KHz
= 10 KHz
= 50 KHz

20000 H

15000 +

= 10000 +

Pixel Count

5000 +
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Figure 5.14: Temporal evolution of the number of pizels with detectable OH for
various pulse repetition frequency (PRF) conditions. Simulations results (colored lines)
are compared with the experimental measurements (colored symbols) from (Lefkowitz
et al. (2020)).

To analyze the dynamics of OH formation in the discharge zone, the number of
pixels with detectable OH is now computed in the area surrounding the elec-
trode gap. The region of interest (ROI), displayed in Fig. 5.13, extends 2.30
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mm in the streamwise direction and 3.07 mm in the spanwise direction, cen-
tered on the inter-electrode gap.

Figure. 5.15 shows the temporal evolution of the number of pixels in ROI for
the investigated pulse repetition frequency (PRF = 2, 5, 10, 50 kHz), where the
symbols, lines represent the experimental, numerical values, respectively. In the
50 kHz case, the size of the OH region builds up rapidly. The number of pixels
reaches a maximum at the end of the pulse train (t = 0.18 ms) of 3200 pixels in
the experiment and 3800 in the simulation, the largest values of all conditions.
It then decreases progressively until it nullifies at t = 0.4 ms. Considering that
the flow velocity in the discharge zone is equal to 15 m.s~! and that the ROI
has 2.3 mm streamwise length, It takes approximately 0.15 ms for the bulk flow
to completely leave the ROI. However, since a part of the kernel is convected
upstream by the hydrodynamic effects, the residence time of the gases is in-
creased. The 2 kHz case shows that the decrease of pixels number, that reaches
a value of 2200 pixels after a pulse, takes approximately 0.2 ms which matches
the time it took the OH region to decay in the 50 kHz case. As the inter-pulse
time is equal to 0.5 ms in the 2 kHz case, no OH remains in the ROI when
the following pulse is applied and in the absence of pulses effects accumulation,
corresponding to a decoupled pulses interaction regime, the OH region vanishes
preventing the flame ignition. For 5 kHz PRF, with an inter-pulse time of 0.2
ms, only a few pixels with detectable OH remain between pulses resulting in a
partial accumulation of the pulses effects, partially coupled interaction regime,
which is however not sufficient to ignite the mixture. Finally, for both 10 kHz
and 50 kHz cases, the inter-pulse times are 0.1 ms and 0.02 ms, respectively.
A residual amount of OH is still present when the following pulse is applied,
creating an overlapping region of OH that lead eventually to flame ignition.
The interaction in this case and for the 50 kHz case corresponds to the fully
coupled regime.

This analysis confirms that the competition between the gas residence time in
the discharge zone and the time between two pulses is what drives the pulse
interaction regime and thus the ignition efficiency of NRP discharge. In the
case where the flow velocity is high and therefore the gas residence time is
low, the results show that increasing the pulse repetition frequency (PRF) to
decrease the inter-pulse time is indeed an efficient solution to have a coupled
pulse interaction regime and ensure a high ignition probability.

5.5 Conclusion

The dynamics of flames ignition by a series of NRP discharge pulses has been
investigated in this chapter. 3-D Large Eddy Simulations (LES) of a flowing
methane-air mixture ignition by NRP discharges have been performed. The



102 CHAPTER 5 - DYNAMIC OF FLAME IGNITION BY A SERIES OF NRP DISCHARGE

PULSES
4500
Numerical Experimental
4000 + — ) KHz e 2KHz
5 KHz A 5KHz
- m— 10 KHz ¢ 10KHz
3500 = 50 KHz m 50KHz
3000 =
=
3 2500
o
.g 2000
[a W
1500 + X
200 ¢
1000 - 1\
AA
500 + y
Ao
0 . :
0.0 0.2 0.4 0.6 0.8 1.0

Time [ms]

Figure 5.15: Temporal evolution of the number of pizels in region of interest with
detectable OH for various pulse repetition frequency (PRF) conditions. Simulations

results (colored lines) are compared with the experimental measurements (colored sym-
bols) from (Lefkowitz et al. (2020))

experimental investigation conducted by Lefkowitz and Ombrello (2017) on
this configuration, the flow tunnel configuration, has shown that depending on
the flow and discharge parameters, three pulses interaction regimes can be ob-
tained. A fully coupled regime in which the pulses are deposited on top of each
other, creating a large ignition kernel that has a high probability of developing
into a self-propagating flame. A partially coupled regime in which the hot reac-
tive kernel created by each pulse partially merge, resulting on elongated shape
kernel that has a low probability of developing into a self-sustaining flame. A
decoupled regime in which the generated kernel are spaced out and indepen-
dent from each other. The overall ignition probability in this case is a linear
function of the probability that a single pulse will induce a successful ignition,
which is extremely low and often equal to zero.

The analysis of the experimental results carried out in this chapter has shown
that the pulses interaction regimes depend on two parameters. The residence
time of the gases in the discharge zone and the inter-pulse time, the period
between two consecutive pulses, given by the inverse of the pulse repetition
frequency (PRF). When the residence time of the gases in the discharge zone
is greater than the time between two pulses, the pulses are deposited on top
of each other leading to the formation of a large ignition kernel which corre-
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sponds to the fully coupled regime. When the residence time of the gases in the
discharge zone and the time between two pulses are almost equal, the pulses
partially interact creating an elongated thin ignition kernel. It corresponds to
the partially coupled regime. Finally, when the residence time of the gases in
the discharge zone is shorter than the time between two pulses, no interaction
between the pulses takes place. A trail of small hot kernels separated from
each other is created which corresponds to the decoupled regime. Therefore, in
order to operate in a fully coupled pulses interaction regime and ensure a high
ignition probability, the inter-pulse time must be smaller than the residence
time of the gases in the discharge zone.

While it is easy to compute and adapt the inter-pulse time by varying the pulse
repetition frequency (PRF), the control and the estimation of the residence
time are not straight forward. In addition to the influence of the flow velocity,
the simulation performed by Castela et al. (2017) has shown that the residence
time in the discharge zone is strongly impacted by the hydrodynamic effects
induced by the discharges. To capture the plasma-flow-flame complex inter-
actions and accurately predict the ignition by NRP discharges, 3D unsteady
simulations of plasma-assisted ignition are required.

3-D Large Eddy Simulations of the flow tunnel ignition by NRP discharges
have been performed using the phenomenological plasma model developed by
Castela et al. (2016). The effect of flow velocity in the range of U = 2.5
- 10 m.s~! and pulse repetition frequency in the range of PRF = 2 - 50 kHz
have been investigated. In agreement with the experimental observations, three
pulses interaction regimes have been obtained, fully coupled, partially coupled
and decoupled regime depending on the imposed flow velocity or pulse repe-
tition frequency. The simulations have confirmed that these regimes are the
result of a competition between the residence time of the gases in the discharge
zone and the inter-pulse time. More precisely, the results have shown that the
ignition success or failure is the results of a competition between the heat and
radicals accumulation in the discharge zone induced by pulses interaction and
heat and radicals loss due to transport, discharges hydrodynamic effect, ther-
mal dissipation and chemical recombination.

In conclusion, a necessary condition to ensure an efficient ignition is to apply the
NRP discharges in low-velocity region at high pulse repetition frequency. This
methodology will be used in the next chapter for the simulation of turbulent
flame ignition by NRP discharges in a burner representative of the practical
combustion chambers.






Chapter 6

Numerical simulations of
turbulent flame ignition by NRP
discharges

In the present chapter, the phenomenological NRP discharges model
s used to simulate the ignition sequence of the Mini-PAC configura-
tion, a bluff-body turbulent premiz burner representative of industrial
combustors. Two numerical computations are performed. In the first
simulation, only the thermal effects of the discharge (ultra-fast heating
and slow heating due to vibrational energy relaxation) are taken into
account. In the second one, both the thermal and chemical effects (O2
dissociation into O) are considered. The results of the simulations are
then analyzed and compared to identify the impact of each effect on the
mechanism of turbulent flames ignition.
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6.1 Introduction

The numerical methodology that consists of coupling the phenomenological
NRP discharge model developed by Castela et al. (2016) with the LES combus-
tion equations to perform numerical simulations of plasma assisted combustion,
is used here to simulate the ignition sequence of a configuration representative
of industrial combustion chamber, the Mini-PAC burner. The objective is to
characterize the impact of the thermal and chemical effects of NRP discharges
on turbulent flames ignition process under operating conditions close to those
encountered in aeronautic engines.

Section. 6.2 of this chapter presents the Mini-PAC experimental configuration.
Section. 6.3 describes the numerical methods and the plasma model used for
the Mini-PAC ignition LES along with the operating and initial conditions of
two performed simulations, the simulation where only the thermal effects of
NRP discharges are considered (LES-T) and the simulations where both the
thermal and chemical effects are taken into account (LES-TC). The results of
the two simulations are presented and analyzed in Section. 6.4. Conclusions
are presented in Section. 6.5 .

6.2 The Mini-PAC burner

The Mini-PAC configuration shown in Fig. 6.1(left) is a bluff-body axisymmet-
ric burner specially designed to study the impact of plasma discharges on turbu-
lent flames ignition and stabilization. It consists of an annular ceramic injection
tube of 20 c¢m long, 16 mm internal diameter and a concentric stainless-steel
bluff-body of the same length and 10 mm diameter that acts as a flame-holder.
The NRP discharges are applied Nanosecond discharge downstream the bluff-
body between a horizontal tungsten anode of 1 mm diameter centered 5 mm
above the bluff-body that acts as a grounded cathode Fig. 6.1(right). The two
electrodes are connected to a Marx type pulse discharge generator that pro-
duces high frequency nanosecond pulses.

For the ignition simulations, the burner is fed with a methane-air mixture (¢ =
0.95), injected at a constant mass flow rate i = 15 m? h~! which corresponds
to a bulk velocity U, = 37.5 m.s~!. 10 kV discharges, corresponding to a
reduced electric field (E/N) of 100 Td to 300 Td (1Td = 1072'V.m?) are
applied using the tungsten electrode positioned above the bluff body. The
images of the discharge during the pulses show that the discharge has a quasi-
cylindrical shape of 5 mm length corresponding to the inter-electrode distance,
and a diameter equal to 1.75 mm. Electrical measurements of the voltage and
the current showed that each discharge pulse transfers 3.5 mJ to the flow. The
deposit lasts 50 ns and is repeated at a frequency of 20 kHz.
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Figure 6.1: (left) MiniPAC configuration scheme, (right) Bluff-body nozzle and elec-
trodes.

6.3 Simulations numerical set-up

LES of the MiniPAC burner ignition sequence are performed using the YALES2
unstructured finite-volume low-Mach number solver (Moureau et al. (2011)).
The time integration is performed using a fourth-order temporal scheme with a
centred fourth order scheme for spatial discretization. The sub-grid Reynolds
stresses tensor is closed using the Dynamic Smagorinsky model (Germano et al.
(1991)). The COFFEE kinetic scheme involving 14 species and 38 reactions is
used for the methane-air mixture chemistry (COFFEE (1984)), species equa-
tions are coupled with turbulence using the Thickened Flame model for LES
(TFLES) (Colin et al. (2000)) and the Charlette sub-grid scale flame wrinkling
model (Charlette et al. (2002)).

The discharges properties have been set to be consistent with experimental
measurements for the temperature and the atomic oxygen spatial distribution
and the deposited energy. The discharge has a cylindrical shape filtered with
the spatial function F(r) = erfc[(r/a)?] where r is the radial distance from the
discharge axis. a and b are geometric parameters, fitted to model the measured
discharge radius and to ensure a sufficient numerical resolution of the discharge
interface.

The computational domain includes half of the injection tube and covers 35 Dy
and 30 Dy in downstream and radial directions, respectively.The mesh consists
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of 40 millions of tetrahedral elements. In the plasma discharge zone the cells
size equals 0.1 mm while in the flame zone it ranges from 0.1 mm to 0.5 mm. A
2-D view of the mesh in (x,z) plane is illustrated in Fig. 6.2 in the near-electrode
region.

Figure 6.2: Mini-PAC configuration mesh in the near-electrode region

Two different simulations, indicated as cases LES-T and LES-TC in Tab. 6.1,
are performed to understand the role of species dissociation in the turbulent
flame ignition mechanism. In both simulations, 55% of the energy is deposited
at the ultra-fast scale (« = 0.55) whereas 45% is transferred into the vibra-
tional energy, which relax slowly into gas heating. In LES-T case, only thermal
effects are considered in the plasma discharge model (n = 0). In LES-TC case,
in accordance with experimental and numerical observations (Rusterholtz et al.
(2013); Popov (2013b)) 35 % of Oq is dissociated into O atoms during the pulse.
For both cases, the same amount of energy of 3.5 mJ per pulse is transferred
to the flow.

Case «a n Discharge properties
LES-T 055 0.0 heating
LES-TC 0.55 0.35 heating and O dissociation

Table 6.1: Numerical case properties. The same amount of energy per pulse E,=38.5
mJ is deposited for each case. Discharge frequency f = 20KHz. Pulse duration Tpyise
= 50 ns.

Figure. 6.3 (a) shows the 2-D mean axial velocity on the centerline plane of
the Mini-PAC configuration for the non-reacting flow, before the flame ignition
attempt. The black line indicates the isocontour of zero axial velocity. The sim-
ulation shows that the flow has high axial velocity magnitude ||u}|| ~ 50m.s~*
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in the injection tube which decreases as the flow propagates in the combus-
tion chamber to reach a magnitude of 35 m.s™! to 25 m.s~! except above the
bluff-body where a recirculation zone is formed as indicated by the zero axial

velocity isocontour in which the velocity is much lower ||w2|| < 5 m.s~'.

A 2-D instantaneous CHy (fuel) mass fraction on the centerline plane of the
Mini-PAC configuration for the non-reacting flow is represented in Fig. 6.3 (b).
It shows that the CH4 mass fraction in the injected methane-air mixture is equal
to You, = 5.2 1072 which corresponds to the expected value for an equivalence
ratio of ¢ = 0.95. The mass fraction value remains the same Y¢p, + 5.2 1072
in the vicinity of the injection tube outlet and in the recirculation zone above
the bluff-body then decreases gradually as the flow turbulence mixes it with
the ambient air.

(b)

I | |
-1.0e+01 0 10 20 30 40 5.0e+01 0.0e+00 0.01 002  0.03 0.}14 5.20-02
Mean Velocity (m/s) Y(CH4) (-)

Figure 6.3: Non-reacting mean LES of the azial velocity on the centerline plane of
the Mini-PAC configuration (a), the black line indicates the isocontour of zero axial
velocity. (b) Instantaneous fuel (CHy) mass fraction field of the non-reacting flow.

In view of these observations, the electrodes are located in the low velocity zone
behind the bluff-body to insure an efficient interaction between the consecu-
tive NRP discharges pulses as shown in the study of the flow tunnel ignition
(Chapter. 5, Section. 5.4.2).
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6.4 LES of Mini-PAC ignition by NRP discharges

For both cases, the NRP discharges are applied at time ¢ = 0 s with a pulse
frequency of 20 kHz. Figure. 6.4 shows a series of 2-D instantaneous snapshots
in the plane (y,z) of the temperature field for case LES-T, where only thermal
effects of the plasma are considered. The temperature in the discharge zone
increases after each pulse until it reaches a steady state after approximately
15 pulses. The heat brought by the discharge diffuses in the recirculation zone
located downstream the bluff-body but the mixture does not ignite. Although
the pulse generator is always turned on, no flame kernel is formed.

Figure. 6.5 shows instantaneous fields of temperature for LES-TC solution,
where both thermal and chemical properties of the plasma are considered. A
reactive kernel is now clearly identified after only 5 pulses at ¢ = 200 us,
leading to local ignition. Even if the pulse generator is turned off after the 10"
discharges, the kernel still growths and transits to a turbulent V shaped flame,
which reach a steady-state regime at ¢t = 7.5 ms.
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Figure 6.4: Simulation of the ignition attempt of the MiniPAC configuration by a series of NRP discharges, case LES-T, Only the
thermal effects are taken in account (n = 0). Instantaneous 2-D temperature fields are shown at the: 15¢ (a), 108" (b), 30" (¢), 60" (d),
90" (e) plasma pulses. Ignition never occur even after 90 pulses.
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Figure 6.5: Simulation of the ignition attempt of the MiniPAC configuration by a series of NRP discharges, case LES-TC, both the
thermal and the chemical effects are taken in account (n = 0.35). Instantaneous 2-D temperature fields are shown at the: 1°¢ (a), 5" (b),
10*" (c) plasma pulse and at t = 5.8 ms (d) and t = 7.5 ms when the pulses generator is off. The flame ignites at the 5" pulse (b) and
transits to form a V flame in (d) and (e).
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These observations are confirmed by the temporal evolution of computational
domain maximum temperature, plotted in Fig. 6.6. When only thermal effects
are considered, the temperature never reaches the burnt gases temperature
level, despite the unceasing plasma pulsations. Indeed, despite two peaks at
2000 K observed at t = 0.75 ms and ¢ = 2.75 ms, the maximal temperature
fluctuates around 1200 K. At the opposite, when both chemical and thermal
plasma effects are considered, ignition is clearly identified after the 5t pulse.
A peak above 4000 K is then reached at the center of the discharge. The com-
bustion is even sustained when the NRP discharges are turned off after the 10"
pulse. Figure. 6.7 shows the temporal evolution of the maximal O concentration
computed in the LES. The LES-TC case exhibits a significant production of
atomic oxygen O by the discharge whose concentrations reach 1.2 mol.m ™2 just
before ignition. When the discharge is turned off, atomic oxygen O concentra-
tion decreases to equilibrium conditions. Situation is very different in LES-T
case, where the oxygen concentration remains equal to zero and no ignition is
observed.

These results are qualitatively consistent with experimental campaigns con-
ducted at EM2C laboratory, where flame ignition is always successful after a
series of NRP discharges. Unfortunately, the exact number of discharges re-
quired to ignite the flame is not known, preventing quantitative validation of
the simulations against experimental measurements.

— LES-T :7=0.0
4000 — LES-TC:7=0.35

0 1 2 3 4 5
Time [ms]

Figure 6.6: Temporal evolution of the maximum value of gas temperature in the
MiniPAC simulations. The mizture ignites after 5 pulses for case LES-TC (red),
whereas ignition never occurs for case LES-T (blue).

To explain the difference between the two cases, an analysis of pulses-flow in-
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Figure 6.7: Temporal evolution of the mazximum atomic oxygen O concentration in
the MiniPAC simulations, LES-TC (red), LES-T (blue)

teraction in the discharge zone is performed in the LES-T case to identify the
reasons that prevent ignition of the mixture. The mechanism by which atomic
O counteracts these effects and leads to the ignition of the flame in the LES-TC
case is then investigated.

Figure. 6.8 shows the instantaneous 2-D temperature field on the centerline
plane of the Mini-PAC burner before, during and after the 25" pulse when the
maximum temperature has reached a steady state as shown in Fig. 6.6. Be-
fore the pulse, Fig. 6.8(a) shows that the heat deposited by the previous pulses
has been strongly diffused all over the recirculation zone, maintaining a low
temperature in the discharge zone whose maximum does not exceed 1000 K.
The deposition of the 25" pulse, Fig. 6.8(b), generates a hot kernel of quasi-
cylindrical shape, part of which overlaps with the heat of the previous pulses,
increasing the maximum temperature to 1200 K. Figure. 6.8(c) and (d) show
then the evolution of the kernel from its initial quasi-cylindrical shape to a
toroidal shape induced by the hydrodynamic discharges effects described in
Section. 4.4, which convects the heat outside the discharge zone, bringing the
maximum temperature down to 1000 K. This behavior is repeated at each pulse
as shown in Fig. 6.6. The total heat energy of the mixture is increased with
each energy deposition without however an increase in the maximum tempera-
ture which continues to vary between 1000 K and 1300 K. The analysis of the
chemical reactions shows that in a temperature range of [1000 K, 1300 K], the
reaction of CHy oxidation by Oo, Oy + CH4 = HO9 4+ C Hs, that initiates the
combustion, evolves very slowly as its reaction rate, which follows the Arrhe-



PART II - NUMERICAL SIMULATIONS OF FLAMES IGNITION BY NRP DISCHARGES 115

nius formula K = Aexp(—%‘), has a high activation temperature T, ~ 6000 K
compared to the gas temperature T, ~ 1200 K and small Arrhenius constant
A =9.10" m.mol~t.s7!,

24t pulse 25t pulse 25t pulse 25t pulse

| — |
3.0e+02 600 900 1.2e+03
Temperature [K]

Figure 6.8: Instantaneous 2-D temperature field on the centerline plane of the Mini-
PAC burner before, during (t = 0) and after the 25" pulse in the LES-T case. The
kernel evolves from its initial cylindrical shape to a toroidal shape after the pulse,
images (c¢) and (d) convecting the heat away from the discharge zone.

When atomic O is produced by the discharge, the combustion is initiated by an
other reaction, the CHy oxidation by atomic O chemical reaction: CH4 + O =
OH +CH3. The constant rate of this reaction has a smaller activation temper-
ature T, ~ 1500 K and a higher Arrhenius constant A = 4.10" m.mol~!.s™!
which under the conditions created by the NRP discharge, high atomic O con-
centration, starts and evolves very quickly even at low temperature.

6.5 Conclusion

In this chapter, the phenomenological NRP discharges model (Castela et al.
(2016)) implemented in YALES2 CFD code has been used to simulate the ig-
nition sequence of the Mini-PAC configuration, a bluff-body turbulent premix
burner representative of industrial combustion systems.

To understand the role of the heat and species dissociation induced by the dis-
charges in the turbulent flame ignition mechanism, two numerical computations
have been performed. First, only the thermal effects of the discharge (ultra-fast
heating and slow heating due to vibrational energy relaxation) were taken into
account. Then both the thermal and chemical effects (mainly O2 dissociation
into O) were considered.

The results show that in the first simulation the ignition never occur, whereas in
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the second simulation flame ignition occurs after only 5 pulses. LES data post-
processing shows that the fresh gases entrainment in the discharge zone induced
by the discharge hydrodynamic effects plays a crucial role in the ignition pro-
cess as it maintains a low temperature in the inter-electrode region preventing
the ignition of the flame when only the thermal effects are considered. When
the chemical effects are taking into account, the significant amount of atomic
O produced by the consecutive pulses enhances the fuel oxidation reactions,
allowing the initiation of the combustion even at low temperature.



Chapter 7

Scenario of plasma-assisted
ignition

In this chapter, a low-order plasma-assisted ignition model is derived.
The numerical simulations of flames ignition by NRP discharges have
shown that ignition success or failure results from a competition between
the residence time of the reacting gases in the discharge channel and the
combustion chemistry time scale. This phenomena is here modeled by
a perfectly stirred reactor (PSR) whose volume matches the discharge
channel diameter. A flow of reactive gases passing through the PSR
1s used to reproduce the gases circulation in the discharge zone. NRP
discharges are applied inside the reactor to initiate the combustion of
the injected mixture. This model is used to build-up plasma-assisted ig-
nition diagrams which indicate the number of pulses, the ignition delay
and the total deposited energy required to ignite the mizture inside the
PSR reactor as a function of gases residence time and the discharge
parameters. The results of the parametric studies are analyzed to de-
fine the optimal strategy to adopt in order to ensure an efficient flames
ignition by NRP discharge.
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7.1 Introduction

Analysis of the Mini-PAC simulations results conducted in Chapter. 6 suggests
that ignition success or failure results from a competition between the time
scales of flow mixing and combustion chemistry. The atomic oxygen O pro-
duced by NRP discharges accelerates the fuel consumption particularly when a
large amount is formed in the discharge zone. One way to achieve that is to ac-
cumulate the effects of the pulses by imposing a high pulse repetition frequency
(PRF) as indicated by experimental and numerical studies of the flow-tunnel
configuration in Chapter. 5. Another solution will be to increase the energy of
the pulses since the amount of O dissociated into atomic O is proportional to
the deposited energy. To identify the most efficient solution in terms of ignition
delay and energy consumption, a low-order model based on a perfectly stirred
reactor (PSR) is developed to perform parametric studies of flames ignition by
NRP discharges at low CPU cost.

The chapter is organized as follows. The flames ignition by NRP discharges
low-order PSR model is first presented in Section. 7.2. The model is then used
in Section. 7.3 to study the effect of atomic oxygen by considering, as done in
the Mini-PAC simulations, two cases. In the first one, only thermal effects of
the discharges are taken into account and in the other one, both thermal and
chemical effects are considered. The number of pulses, the ignition delay and
the total deposited energy required to ignite the reactor are computed in the two
cases for a varying gases residence time and a constant pulse energy and pulse
repetition frequency (PRF). The results are compared to the Mini-PAC ignition
LES to validate the low-order approach. In section. 7.4, the effects of the pulse
energy are investigated. Computation are performed considering both thermal
and chemical effects of the discharges for varying gases residence time and
pulse energy and a constant pulse repetition frequency (PRF). Next, the effects
of pulse repetition frequency (PRF) are examined in Sections. 7.5. Similar
computations are preformed, fixing in this case the pulse energy and varying
the pulse repetition frequency. The results of the varying pulse energy and the
varying pulse frequency studies are compared to identify which solution is the
most efficient. The conclusions of the different investigations are summarized
in Section. 7.6.

7.2 Perfectly Stirred Reactor (PSR) model

The low-order flames ignition by NRP discharges model is based on a Perfectly
stirred reactor (PSR) schematized in Fig. 7.1, whose volume matches the dis-
charge channel of diameter d, filled with fuel-oxidizer mixture in which NRP
discharges are applied using Castela et al. (2016) phenomenological model. The
gases convection by the flow and by the hydrodynamic effects of the NRP dis-
charges (Section. 4.4) is reproduced by an imposed gases flow passing through
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the PSR at velocity V. The residence time of the mixture in the PSR is there-
fore given by 7 =d/V.

The PSR balance equations reads:

1 Q
=== (ZYkohko—ZYkhk> - pyﬁ (7.1)

Etlz)hem + Eheat + Ri)/T
av, 1 L
_ = - Ykg — Yk + 7.2
=7 (- Y4 ek 2 (7.2
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where 0 subscript denotes fresh gases properties flowing in the PSR. The rate
of deposited thermal and chemical energies th e Eh eqr and Ep ., are closed
according to Eq. (2.46), Eq. (2.48) and Eq. (2.49). The relaxatlon rate of
vibrational energy R"),T is modeled by Eq. (2.31) and the plasma chemistry

sources terms W} is closed by Eq. (2.43), Eq. (2.44) and Eq. (2.45).

PSR )

O
Yk h mb . 1% Y h €yib
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Figure 7.1: Perfectly Stirred Reactor (PSR) model for plasma-assisted ignition.

For all the studied cases, the PSR is filled initially and fed all along the sim-
ulation with a methane-air mixture at an equivalence ratio ¢ =0.95, initial
temperature T; = 300 K and at atmospheric pressure which corresponds to the
operating conditions encountered in the Mini-PAC configuration.

7.3 Effect of O production

To study the effect of atomic oxygen two cases are considered, PSR-T case which
refers to simulations conducted by considering only thermal effects (n = 0.0)
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and PSR-TC case which refers to the computations that account for chemical
plasma effects (n = 0.35). The other parameters of the discharge are the same
for both cases with a pulse energy equal to 3.5 mJ and a pulse repetition fre-
quency equal to 20 kHz.

Temperature temporal evolution in PSR-T and PSR-TC cases for gases resi-
dence time 7 = 3.10™* s is shown as an example in Fig.7.2. PSR-T simulation
requires 12 pulses to ignite the mixture whereas only 6 pulses are needed by
PSR-TC. For the same amount of deposited energy, the chemical effect of O
radical is more important than the temperature on the ignition process. As
discuss previously, due to its high reactivity, the atomic oxygen O enhances the
hydrocarbon oxidation reactions even at low gas temperatures, which reduces
the combustion chemistry time scale and therefore the ignition delays.

3500

— PSR-T :9=0.0

3000 — PSR-TC: 7=0.35

2500

g 2000
B
1500
1000

500

0.0 0.5 1.0 1.5 2.0
Time [ms]

Figure 7.2: temperature temporal evolution for both PSR-T (blue) and PSR-TC (red)
simulations for T = 0.3 ms. For PSR-TC case, ignition occurs after 6 pulses, whereas
for PSR-T case, ignition occurs after 12 pulses.

PSR results are used to established a plasma-assisted ignition diagram. For each
PSR simulation, the pulse generator is maintained until 80% of the fuel mass
fraction is consumed. Following this criteria, the minimal number of pulses, the
ignition delay and the total amount of energy required to ignite the mixture
inside the reactor are plotted in term of the recirculation zone residence time
in Fig. 7.3, Fig. 7.4 and Fig. 7.5 respectively. Blue and red symbols correspond
to PSR-T and PSR-TC solutions, respectively. For a given residence time, the
production of atomic oxygen considerably reduces the number of pulses needed
for ignition decreasing therefore the ignition delay and the minimum ignition
energy. The difference between PSR-T and PSR-TC is even more pronounced
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when the residence times decreases. The critical residence time (7¢piticar) below
which ignition never occurs equals 0.15 ms for pure thermal discharges, whereas
it decreases to 0.08 ms when the production of atomic O is accounted for.
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Figure 7.3: plasma-assisted ignition diagram. The number of pulses required to ignite
the methane-air mizture in terms of the residence time. Blue symbols correspond to
the PSR-T case. Red symbols correspond to the PSR-TC case. Residence times Tp for
the LES-T case and Trc for the LES-TC case are indicated by the red and the blue
hatched area, respectively.

To validate the PRS modeling, a comparison with the Mini-PAC ignition sim-
ulations have been performed. Practical residence times have been estimated
from the maximal velocity reached within the recirculation vortices induced by
the discharge in the 3-D simulations. By this way, two residence times 0.05 ms
< 17 < 0.08 ms and 0.2 ms < 7p¢c < 0.3 ms are estimated from LES-T and
LES-TC solutions, respectively. Note that a higher amount of heat is deposited
in LES-T, the gas expansion is more important and the velocity is larger than in
LES-TC. It explains why 7 < 7p¢ . Residence times 7p and 7p¢ encountered
in the LES are indicated in Fig. 7.3 by red and blue area. According to the PSR-
TC diagram, the flame should ignite after 6-7 pulses. This is consistent with
LES-TC simulations where ignition occurs between 5 and 10 pulses. The blue
area is however located outside the ignition conditions whatever the number
of discharges, which is consistent with the ignition failure observation in LES-T.

7.4 Effect of pulse energy

The effect of pulses energy on the ignition process is investigated in this section.
The PSR is filled with the same methane-air mixture as previously (¢ = 0.95,
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Figure 7.4: plasma-assisted ignition diagram. The ignition delay, time required to
ignite the methane-air mizture, in terms of the residence time. Blue symbols corre-
spond to the PSR-T case. Red symbols correspond to the PSR-TC case. Residence
times 7p for the LES-T case and ¢ for the LES-TC case are indicated by the red
and the blue hatched area, respectively.
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Figure 7.5: plasma-assisted ignition diagram. The minimum energy required to ignite
the methane-air mizture in terms of the residence time. Blue symbols correspond to
the PSR-T case. Red symbols correspond to the PSR-TC case. Residence times T for
the LES-T case and mrc for the LES-TC case are indicated by the red and the blue
hatched area, respectively.

To = 300 K, P = 1 atm). Only the PSR-TC case that takes into account the
dissociation of Os into O is considered (n = 0.35). The pulse repetition fre-
quency (PRF) is constant equal to 20 kHz. The pulses energy values considered
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for the study are the following :

Epuise = 0.5 mJ.
Epulse = 1.0 mJ.
Epuise = 2.0 mJ.
Epuise = 3.0 mJ.
Epuise = 3.5 mJ (Mini-PAC case).
Epuise = 4.0 mJ.
Epuise = 5.0 mJ.
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Figure 7.6: plasma-assisted ignition diagram. The number of pulses required to ignite
the methane-air mizture in terms of the residence time for various pulse energy Epyise-
The methane-air mizture equivalence ratio and pulse repetition frequency are constant
equal to ¢ = 0.95 and PRF = 20 kHz, respectively.

Figure. 7.6, Fig. 7.7 and Fig. 7.8 plot the number of pulses, the ignition delay
and the total deposited energy required to ignite the reactor as function of the
gases residence time for the different pulse energy values. For a fixed residence
time, the results show that increasing the pulse energy reduces the number of
pulses required to ignite, resulting in a reduction of the ignition delay. In terms
of energy, this operation leads to a higher consumption for high residence times
7 > 5 - 10~* while for low residence times 7 < 5 - 1074, the increase of the
pulse energy allows on the contrary to reduce the total energy cost in addition
to reducing the ignition delay.

Increasing the pulses energy also decreases the ignition delay. Figure. 7.9 plots
the critical residence time (7.iticq;) below which ignition never occurs. The
results shows that the critical residence time significantly decrease when the
energy per pulse increases. For instance multiplying the energy by 10, from
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Figure 7.7: plasma-assisted ignition diagram. The ignition delay, time required to
ignite the methane-air mixture, in terms of the residence time for various pulse energy
Epuise- The methane-air mizture equivalence ratio and pulse repetition frequency are
constant equal to ¢ = 0.95 and PRF = 20 kHz, respectively.
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Figure 7.8: plasma-assisted ignition diagram. The minimum energy required to ignite
the methane-air mizture in terms of the residence time for various pulse energy Epyise-
The methane-air mizture equivalence ratio and pulse repetition frequency are constant

equal to ¢ = 0.95 and PRF = 20 kHz, respectively.

Epuise 0.5 to 5 mJ, divides the critical residence time by 10, from 7¢yitica = 6.0
-107* t0 6.0 - 107° s. However, this is accompanied by a significant increase
of energy consumption.
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Figure 7.9: Critical residence time Teriticar (black square) and total deposited energy
at this residence time Eyoq (red circle) for different values of pulse energy Epyise with
a constant pulse repetition frequency PRF = 20 kHz.

7.5 Effect of pulse repetition frequency

Another solution to improve the efficiency of flames ignition by NRP discharges
is to increase the pulse repetition frequency (PRF). As shown in the flow tunnel
ignition study, at high pulse repetition frequency a fully coupled pulses interac-
tion regime is obtained. With the accumulation of pulses effect in the discharge
zone a a voluminous hot reactive kernel is formed which leads in most cases to
a successful flame ignition. To investigate the impact on the ignition delay, the
domain of ignition and the energy efficiency of this solution a parametric study
using the PSR low-order model is conducted here.

As done in the previous PSR computations, the reactor is filled with a methane-
air mixture (¢ = 0.95, Top = 300 K, P = 1 atm). Only the PSR-TC case that
takes into account the dissociation of Og into O is considered (n = 0.35). The
pulse energy in this case is constant E,5c = 3.5 mJ and the pulse repetition
frequency (PRF) is changed. PRF values are the following :

1. PRF = 2 kHz.

2. PRF = 5 kHz.

3. PRF = 10 kHz.

4. PRF = 20 kHz, (Mini-PAC case).
5. PRF = 50 kHz.

6. PRF = 100 kHz.
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7. PRF = 200 kHz.
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Figure 7.10: plasma-assisted ignition diagram. The number of pulses required to
ignite the methane-air mixture in terms of the residence time for various pulse repeti-
tion frequency PRF. The methane-air mizture equivalence ratio and pulse energy are
constant equal to ¢ = 0.95 and Epyise = 3.5 mJ, respectively.

The number of pulses, the ignition delay and the total deposited energy re-
quired to ignite the methane-air mixture inside the reactor as function of the
gases residence time for the different pulse repetition frequencies are plotted in
Fig. 7.10, Fig .7.11 and Fig .7.12 respectively. As expected, for a given resi-
dence time increasing the pulse frequency decreases the number of pulses, the
ignition delay and the ignition energy. As shown in Fig. 7.13 that plots the
critical residence time (7¢iticqi) for the investigated values of pulse repetition
frequency (PRF) along with the total required energy at this residence time, the
critical residence time Tepjzicqr 1S significantly reduced when PRF is increased.
This method seems to be especially interesting when high frequencies are used
because in addition to extending the ignition domain it allows to reduce the
energy cost. For instance multiplying the frequency by 2 from PRF = 5 kHz
to 10 kHz divided the critical residence time by 2 from Tepiticar = 3.0 - 1074 to
Teritical = 1.4 - 10™* s but increases the cost by three times, from E;oq; = 63
mJ to Eiprqr = 182 mJ. While, multiplying the PRF = 5 kHz by 40 to reach
a high frequency of 200 kHz not only reduces the critical residence time, from
3.0 - 107* to0 2.0 - 107° but also reduces the energy cost, from 63 mJ to 42 mJ.

Results show that increasing the pulse repetition frequency is much more energy-
efficient way to reduce the ignition delays and extend the ignition domain com-
pared to the pulse energy increase method. For instance, a series of pulses at
Epuise = 3.5 mJ and PRF = 50 kHz is able to reduce the critical residence time
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Figure 7.11: plasma-assisted ignition diagram. The ignition delay, time required
to ignite the methane-air mizture, in terms of the residence time for various pulse
repetition frequency PRF. The methane-air mixture equivalence ratio and pulse energy
are constant equal to ¢ = 0.95 and Epyise = 3.5 mJ, respectively.
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Figure 7.12: plasma-assisted ignition diagram. The minimum energy required to
foignite the methane-air mixture in terms of the residence time for various pulse repe-
tition frequency PRF. The methane-air mixture equivalence ratio and pulse energy are
constant equal to ¢ = 0.95 and Epyise = 3.5 md, respectively.

(Teritical) to 4.0 - 1075 s with a total deposited energy of 91.0 m.J while a series
of pulses at Epy e = 5 mJ and PRF = 20 kHz only reduces it to 6.0 - 107
s with a higher energy cost of 155 mJ. Higher frequencies do even better, for
example at E,y s = 3.5 mJ and PRF = 200 kHz the critical residence time is
4.0 - 107° with an ignition obtained for a total deposited energy of 42 mJ.
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Figure 7.13: Critical residence time Teritical (black square) and total deposited energy
at this residence time FEyoq (red circle) for different values of pulse repetition frequency
(PRF) with a constant pulse energy Epyise = 3.5 mJ.

7.6 Conclusion

The numerical simulations of the Mini-PAC and the flow-tunnel ignition by
NRP discharges have shown that ignition success or failure results from a com-
petition between the residence time of the reacting gases in the discharge chan-
nel and the combustion chemistry time scale. Based on this hypothesis, a
low-order model of flame ignition by NRP discharge has been derived in this
chapter. In this model, NRP discharges are applied in perfectly stirred reactor
(PSR) whose volume matches the discharge channel of diameter d, to ignite the
methane-air mixture continuously injected inside the reactor. The flow of gas
passing through the PSR reproduces the gases circulation in the discharge zone.

The PSR model has been used to build-up plasma-assisted ignition diagrams
which indicate the number of pulses, the ignition delay and the total deposited
energy required to ignite the mixture inside the reactor as a function of gases
residence time. A parametric study has been first carried out to confirm the
results obtained in the LES of the Mini-PAC burner ignition by considering for
a varying gases residence time two cases. A case where only the thermal effects
of the discharges are taken into account and a case where both the thermal and
chemical (Og2 dissociation into atomic O) effects are considered. The results
have confirmed that the production of radical O that plays a major role in the
enhancement of combustion chain-branching reactions that trigger the flame
ignition, especially when a significant amount is accumulated in the discharge
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zone.

Parametric studies have been then performed to identify the most efficient way
to ensure an significant accumulation of atomic O in the discharge zone for
successful ignitions. The first investigated solution consisted on increasing the
pulse energy to increase the amount of O produced at each pulse. The second
solution consisted on increasing the pulse repetition frequency to promote O
accumulation. The results have shown that both solutions lead to a reducing
the ignition delay and extending the ignition domain. However, in terms of
energy efficiency, increasing the pulse repetition frequency has proven to be a
much better solution as it consumes much less energy.
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Numerical simulations of flames
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Chapter 8

Review of flames stabilization
by NRP discharges

This chapter is a short review of recent Plasma-Assisted Combustion
experiments performed with Nanosecond Repetitively Pulsed (NRP) dis-
charges. NRP discharges have been successfully used to stabilize ultra-
lean premized flames on several laboratory-scale hydrocarbon-air flames
but also in test rigs representative of a gas turbine environment at at-
mospheric and high pressure. This technique is very efficient because
the energy consumption of the plasma is typically less than 1% of the
power released by the flame.
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8.1 Lean flames stabilization by NRP discharges

Operating at lean combustion regimes to reduce pollutants emission has shown
to cause, in addition to the ignition problems, difficulties to stabilize and main-
tain the flames once ignited. Due to the low flame temperatures encountered in
these regimes, the chemical reactions are greatly slowed down resulting often in
incomplete combustion, which can even lead in some cases to the complete ex-
tinction of the combustion chamber, causing safety issues. Despite the proven
efficiency of plasma discharges in improving the combustion process, their use in
combustion systems to increase flame stability has for a long time been prohib-
ited by their energy cost. However, the recent development of NRP discharges
which consume less energy compared to conventional plasma discharges while
significantly improving combustion has made this solution practical and more
affordable. In the last few years, several experimental research teams have
therefore studied the impact of NRP discharges on flames stabilization in lean
regimes and near the extinction limits.

The extension of the Lean Blow Out (LBO) of an aeronautical high-power,
combustor using NRP plasma discharges was demonstrated by Barbosa et al.
(2015). The burner consists of a two-stage swirled injector connected to a rect-
angular combustion chamber with optical access ports. Both stages are supplied
with air, while only the primary stage is fed with fully premixed air and propane
C3Hg. The outlet of the combustion chamber is open to the atmosphere. 10 ns
NRP discharges are applied at 30 kHz using a pulse generator for an electrical
power of 350 W (0.7% of the flame thermal power). The initial conditions are
set to Quir = 105 N.m?.h~! and Qecsag = 2.1 N.m?.h~! corresponding to the
maximal burner power P = 52 kW and a global equivalence ratio ¢ = 0.47.
Then, the fuel flow rate is gradually decreased until the Lean Blow Out (LBO)
limit. Figure. 8.1 shows CH* images of the flame as the equivalence ratio ¢
is decreased with and without plasma. The NRP discharges extend the LBO
limit from ¢4 = 0.40 to ¢, = 0.11 (global equivalence ratio), which corresponds
to an extension of 70%

The ability of NRP plasma discharges to enhance the lean stability and blow
out limits of flames at high pressure was also shown by Di Sabatino and Lacoste
(2020); Di Sabatino et al. (2021). In a rectangular combustion chamber with
a square section of 85 x 85 mm? and a length of 150 mm, fed by a swirler
injector with a methane-air mixture, the effects of two discharge regimes, NRP
glows and NRP sparks, were analyzed for different levels of pressure. The re-
sults indicated in Fig. 8.2, show that the NRP discharges effectively extended
stability and blow-off limits for all the pressures considered, from atmospheric
pressure up to a pressure of 5 bar. The study also shows that the most efficient
plasma actuation of the flame is obtained for a ratio between the plasma power
deposited by NRP discharges and the thermal power released by the flame of
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Figure 8.1: [Illustration of the LBO reduction by CH* imaging (Barbosa et al.
(2015)). The bright filament visible in the photos is the anode heated by burnt gases.
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about 1%. Above 1%, adding more plasma power has only a marginal effect on
flame stabilization.
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Figure 8.2: Flames at pressures from 1 to 5 bar, for stable conditions (first row),
unstable conditions (second row), with NRP glows (third row), and with NRP sparks
(fourth row), Extracted from (Di Sabatino and Lacoste (2020)).

Another recent work of Vignat et al. (2021) report an improvement of lean
blow-out performances for liquid fuels. The experiment was performed on
SICCA-Spray burner, a laboratory-scale atmospheric test rig equipped with
a swirl spray injector representing a single sector of a gas turbine. Three fuels
and injection conditions are considered: perfectly premixed methane-air, lig-
uid heptane C7Hqg, and liquid dodecane C19Hog injected as hollow cone sprays.
The fuel flow rate is kept constant and the air flow rate is slowly increased
until LBO occurs. The NRP discharges are applied at 20 kHz and the ratio
of electrical and thermal power is equal to 2%. A low frequency combustion
oscillation arises near the LBO limit ¢ = 0.57. Spray flames blow-out at this
point. When NRP discharges are applied, the flames continues to burn beyond
this limit. As shown in Fig. 8.3, the LBO limit is extended in average by A¢
= 0.05 for both liquid fuels, and A¢ = 0.019 for methane. The beginning of
the low frequency oscillation is also delayed by A¢ ~ 0.02 for all three fuels.

On laboratory-scale, combustion enhancement by NRP discharges was demon-
strated by Pilla et al. (2006) on the Mini-PAC burner, a bluff-body premixed
propane-air configuration of a maximal theoretical power of 25 kW (Note that
the experiments described in Section. 6.2 and Section. 9.2 were performed on
a new version of this Mini-PAC burner). The spontaneous emission of OH
radicals has been recorded for a propane-air flame of an equivalence ratio ¢
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Figure 8.3: Reduction of the equivalence ratio, A, at the start of the oscillations
(in blue), and at the LBO (in brown) by NRP discharges for gas fuel (CHy) and liquid
fuels (CzHyg, ChaHazg). Extracted from (Vignat et al. (2021)).

= 0.8 at high flow rate without and with the assistance of NRP discharges.
Without plasma, the burner presents a low combustion efficiency as shown in
Fig. 8.4 (left). When a repetitively pulsed plasma is applied to the flame, sig-
nificant increase of the combustion efficiency is observed, Fig. 8.4 (right). The
region of OH emission is widely extended. Overall, it was found that with NRP
discharges a stable flame regime could be obtained at equivalence ratios 10%
leaner than without the NRP discharges with a plasma power that doesn’t ex-
ceed 0.3% of the flame power.

The Mini-PAC burner have been retained in the PASTEC project as the target
configuration chosen to study the mechanisms of flames stabilization by NRP
discharges. The experimental characterization and the numerical study of the
configuration are presented in the following chapter.
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Figure 8.4: Comparison of OH emission with and without discharge after Abel trans-
form; air: 14.7 m*h=t, propane: 0.5 mm3h=' (¢ = 0.83). Flame power: 12.5 kW,
discharge power: 75 W. Emission of the plasma was blocked to prevent saturation of
the ICCD. Extracted from (Pilla et al. (2006)).



Chapter 9

Numerical simulations of
turbulent flame stabilization by

NRP discharges

In the present chapter, High-performance computations of a lean bluff-
body turbulent premized methane-air flame stabilized by NRP discharges
are performed. The experimental characterization of the target config-
uration, the Mini-PAC burner, and the NRP discharges, conducted at
EM2C and CORIA laboratories are discussed. Large Eddy Simulations
of a non-assisted flame and a plasma-assisted flame are then performed
by combining the semi-empirical plasma model developed by Castela with
an analytical combustion mechanism. Results are eventually compared
to experimental data.
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9.1 Introduction

Flames stabilization by nanosecond repetitively pulsed (NRP) discharges is in-
vestigated experimentally and numerically in the framework of the PASTEC
project in order to identify and understand the mechanisms of combustion en-
hancement by non-equilibrium plasma. The objective of this work is to perform
Large Eddy Simulations of flame stabilization by NRP discharges using the re-
cently developed phenomenological plasma model (Castela et al. (2016)).

The chapter is structured as follows. The experimental characterization of the
target configuration, the Mini-PAC burner, and the NRP discharges used to
stabilize the flame are presented in Section. 9.2. Then, Section. 9.3 introduces
the numerical and semi empirical plasma models used for the LES of the Mini-
PAC flame stabilization by NRP discharges along with the operating and initial
conditions of the simulations. The results of 3-D computations of a non-assisted
flame and a plasma-assisted flame are presented and compared in Section. 77.
Comparisons between numerical simulations and experimental measurements
are performed in Section. 9.5. Finally, the conclusions and discussion are pre-
sented in Section. 9.6 .

9.2 Mini-PAC Configuration

9.2.1 Flame characterization

The target configuration retained for the study is the Mini-PAC burner, which
stands for mini Plasma Assisted-Combustion. The burner is similar to the con-
figuration of (Pilla et al. (2006)), with a some modifications. The experiments
are conducted with methane instead of propane. The shape and the size of
the electrodes are changed compared to the Mini-PAC ignition experiment pre-
sented in Section. 6.2. The schematic of the burner is presented in Fig. 9.1.
The internal diameter of the injection tube of the burner is 16 mm, and the
bluff-body diameter is 10 mm. The Reynolds number, based on the diameter
of the burner outlet, the bulk velocity, and the gas kinematic viscosity is about
14,000. The gas flow is therefore in the turbulent regime. A recirculation zone
above the bluff-body stabilizes the generated turbulent flame. The NRP dis-
charges are initiated in the recirculation zone, which is mainly composed of
burnt gas. High-voltage nanosecond pulses are applied across a gap of 5 mm,
between a horizontal tungsten electrode and a vertical tungsten electrode. The
vertical electrode is mounted on the grounded bluff-body. The diameter of the
electrodes is 1 mm.

A map of the burner operating conditions measured at EM2C and CORIA lab-
oratories in lean regimes is shown in Fig. 9.2. A Stable Flame region in which
a developed, stable, V-shape flame forms, see Fig. 9.2, is observed for low air
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Figure 9.1: Schematic of the Mini-PAC burner and electrode configuration

flow-rate. For high air flow-rate, a significant part of methane is not burnt, and
the flame is confined in the recirculation zone downstream of the bluff-body.
This part is defined in Fig. 9.2 as the Weak Flame region. Finally, an Intermit-
tent Flame region appears between the two previous regions. In this case, the
flame oscillates between the Stable and Weak flames. The limits of the different
zones are shown in colored lines in Fig. 9.2. the limit of extinction lies between
¢ = 0.7 — 0.8 in the considered range. The operating point investigated in this
work is represented by a black triangle (Weak Flame region, ¢ = 0.8, Qgir =
16 m3.h~1).

Photographies of non-assisted and plasma-assisted flames at this operating
point ( equivalence ratio ¢ = 0.8, bulk velocity of U, = 43.3 m.s™! and a
Reynolds number of Re = 1.6 10* ) are shown in Fig. 9.3. Without discharge
(left), a weak and incomplete combustion is restricted to the bluff-body wake.
However, the application of NRP discharges enhances the flame which develops
into a stable, V-shape form(right).

In this chapter, numerical simulations of the Mini-PAC flame stabilization by
NRP discharge in the described operating conditions are performed using the
phenomenological model of (Castela et al. (2016)). The objective is first to
validate the ability of the numerical modeling to reproduce the effects of the
NRP discharges on combustion then in a second time to give new insights into
the plasma flame interaction mechanisms.
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Figure 9.2: Operating conditions of the mini-PAC burner (no NRP discharge ap-
plied). The PASTEC flame is represented by a black triangle and lies in the Weak
Flame zone if no NRP discharges are applied. Pictures of the flame are inserted in
the top left (stable) and bottom right (weak) corners. The filled areas represent the

measurement uncertainty. Extracted from Minesi (2020)
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Figure 9.3: Photographs of the lean flame (¢ = 0.8) without (left) and with (right)
NRP discharges applied at 20 kHz. Extracted from (Blanchard et al. (2021))
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9.2.2 Discharge characterization

The NRP discharges model proposed by (Castela et al. (2016)) is based on the
observations that the deposition of energy in air or a hydrocarbon-air mixture
during a NRP discharge pulse, is mainly reponsible of an electronical and vibra-
tional excitation of Ny molecules (Rusterholtz et al. (2013)). The nanosecond-
scale relaxation of the generated electronic excited states N2(B) and Na(C),
by quenching with the surrounding molecules, induces an ultra-fast increase of
the temperature and the ultra-fast dissociation of O into atomic O (?; Popov
(2013b); Rusterholtz et al. (2013)). Whereas, the microsecond-scale relaxation
of the vibrational excited states No(v) induces a slow gas heating. To make
sure that the same behavior is observed when NRP discharges are applied in
a mixtures of lean flame burnt gases as it is the case for the Mini-PAC flame
stabilization experiment and that the NRP discharges model is still valid, a
detailed experimental characterization of the discharges has been performed by
(Minesi et al. (2022)) and (Blanchard et al. (2021); Blanchard et al. (2021))
for these operating conditions.

The number densities of electrons and excited electronic states were mea-
sured by quantitative Optical Emission Spectroscopy (OES) in (Minesi et al.
(2022)). Figure. 9.4 shows the number densities of No(B), Na(C), OH(A),
NH(A), N5 (B), CN(B) and electrons plotted for locations near the electrodes
and in the middle of the gap. The number densities of the electronic excited
states No(B), N2(C) increase during the energy deposition (0 - 10 ns) then de-
crease once the reduced electric field is turned off. Other species such as CN(B)
or OH(A) are also produced during and after the pulse. Contrary to the Ny
excited states, CN(B) and OH(A) reach their peak of number density after the
pulse which indicates that they are not produced by electron impact as it’s
the case for No(B) and N2(C) but that they are formed by other processes of
energy transfer. The electrons number density is between 10" and 10 cm™3
which is expected for NRP discharge operating at spark regime. As for NRP
discharges in pure air, the main species produced during the pulse are the ex-
icted states of No. The relaxation of these states leads later to the formation
of other chemical species. It is interesting to note that the number density of
N3 (B) is about 10-40 times higher than the density of N2(C). This ratio, ob-
tained in the burnt gases, is similar to what was obtained for NRP discharges
in pure air (Rusterholtz et al. (2013)). The measurement the gas temperature
from the distribution of N2(C) rotational states in (Minesi et al. (2022)) and
(Blanchard et al. (2021)) shows that during the pulse, approximately 20% of
the electrical energy deposition is converted into heat.

In view of these results, the phenomenological model of the NRP discharge is
still valid. The relaxation process of the N9 excited states in this case is not
yet identified. However, given that a significant amount of O is still present
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Figure 9.4: FEvolution of the Ny(B), No(C), OH(A), NH(A), Nj (B), CN(B) and
electrons number densities under the PASTEC conditions (¢ = 0.8, f = 20 kHz, E,=
2.0 mJ). The results are displayed at three locations: near the anode at z = 4.75 mm
(top), in the center of the inter-electrode gap at z = 2.75 mm (middle), and near the
cathode at z = 0.25 mm (bottom). Extracted from (Minesi et al. (2022))
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in the lean flame burnt gases, the postulate taken is that it is similar to the
fresh gases case described by the reaction of Oz dissociation in atomic O (?7?).
This hypothesis will be verified by comparing the results of the numerical sim-
ulations with the experimental measurements.

The averaged current and voltage traces of the pulse, measured experimentally
by (Blanchard et al. (2021)) using electrical probes, are represented in Fig. 9.5
along with the calculated energy when discharges are applied continuously at
20 kHz. Due to the impedance mismatch between the cable, the plasma, and
the pulse generator, several reflections occur at the electrode and also at the
pulser output. About 80% (1.6 mJ) of the total energy is deposited by the
incident pulse and the remaining energy is deposited within 300 ns by multiple
low-energy reflections leading to a total of 2 mJ deposited energy. The ratio of
electric discharge power over flame thermal power is about 0.3%.
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Figure 9.5: Voltage (black line), current (red line) and energy (blue line) measure-
ments. Extracted from (Blanchard et al. (2021))

The diameter of the discharge was measured experimentally by (Blanchard et al.
(2021)) using the methodology introduced in (Rusterholtz et al. (2013)). It is
defined as the full width at half-maximum of the total emission of the Ny(C)
radial profile extracted from the Abel inversion of the No(C) emission spectra
images. The discharge can be approximated by a cylinder of 1.0 mm diameter
by 5 mm height.
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9.3 Numerical set-up

Large Eddy Simulations (LES) of the MiniPAC flame stabilization by NRP dis-
charges are performed using the YALES2 unstructured finite-volume low-Mach
number solver (Moureau et al. (2011)). The time integration is performed using
a fourth-order temporal scheme coupled with a centered fourth order scheme
for spatial discretization. The sub-grid Reynolds stresses tensor is closed us-
ing the Dynamic Smagorinsky model (Germano et al. (1991)). The analytical
LU19 kinetic scheme involving 19 species and 184 reactions is used for the
methane-air mixture chemistry (Lu and Law (2008)). Species equations are
coupled with turbulence using the Thickened Flame model for LES (TFLES)
(Colin et al. (2000)) and the Charlette sub-grid scale flame wrinkling model
(Charlette et al. (2002)). The mesh, shown in Fig. 9.6 (right), along with the
3D Mini-PAC model(left), consists of 140 millions tetrahedral elements refined
in the plasma discharge zone, cells size equals 0.1 mm, to ensure that the small
turbulence scales and laminar flame thickness are well resolved and no sub-grid
scale model or TFLES coupling is necessary. In the flame zone, the cells size
varies from 0.1 mm to 0.2 mm. In this region, TFLES model is used to capture
the turbulence-flame interaction, triggered by a dynamic sensor.

The discharge properties have been set to be consistent with experimental mea-
surements. The pulse energy and the pulse repetition frequency are equal to
E, = 2.0 mJ and PRF = 20 kHz. The discharge, shown in Fig. 9.6 (left), has a
cylindrical shape filtered with the spatial function F(r) = erfc[(r/a)?] where r
is the radial distance from the discharge axis, a and b are geometric parameters,
fitted to well reproduce the discharge radius, 1.0 mm, and length, 5.0 mm, and
have a sufficient number of point at discharge interface to avoid high gradients
that can cause numerical issues.

A reactive LES is first conducted without NRP discharges until reaching a
steady-state solution. The 2-D mean axial velocity (a) and the heat release
rate (b) on the centerline plane of the Mini-PAC configuration are shown in
Fig. 9.7. An inner recirculation zone is clearly identified behind the bluff-body.
The velocity magnitude in this zone is very low (||| < 6.5 m.s~") compared to
the rest of the flow where it varies between 20 m.s™' and 50 m.s~!. The heat
release rate indicative of the flame front, the zone where the mixture burns,
shows that the flame is confined to the recirculation zone. Figure. 9.8(a) shows
the 2-D mean temperature field (left) of the same simulation on the center-
line plane of the Mini-PAC configuration. In agreement with the experimental
observations, the burnt gases are confined in the recirculation zone. Their tem-
perature is around 2000 K, which corresponds well to the theoretical value of



148 CHAPTER 9 - NUMERICAL SIMULATIONS OF TURBULENT FLAME STABILIZATION
BY NRP DISCHARGES

Flame zone
0.15 mm
Plasma
Discharge Electrode
~ : «—— Discharge zone:
Bluff-body 0.1 mm
Injection LA sl
tube

Figure 9.6: (left) Mini-PAC burner 3-D model. (Right) Mini-PAC mesh, 140 millions
tetrahedral elements. Cells size equals 0.1 mm in the discharge zone while in the flame
zone it ranges from 0.1 mm to 0.2 mm.

1993 K expected for a methane-air premixed flame at an equivalence ratio ¢ =
0.8. The mean CH4 mass fraction, represented in Fig. 9.8(b), shows that the
methane is only consumed in the recirculation zone and that large amount is
not burnt. The non-assisted combustion is incomplete.

From the steady state, a solution has been taken and defined as the initial
condition, t = 0 s, for two LES: one still without activating plasma (case NP)
and a second one with applying an uninterrupted series of NRP discharges at
a frequency of 20kHz (case P).

9.4 LES results

9.4.1 Global impact of NRP discharges

The global impact of NRP discharges on the total heat release is evidenced in
Fig. 9.9, which plots the temporal evolution of the thermal flame power:

P= /V (2/F)ondV (9.1)
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Figure 9.7: Numerical solution of the 2-D mean azial velocity (a) and heat release
rate (b) on the centerline plane of the Mini-PAC configuration for the non-assisted
flame.
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Figure 9.8: Numerical solution of the 2D mean temperature (a) and methane (CHy)
mass fraction (b) on the centerline plane of the Mini-PAC configuration for the non-
assisted flame.
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where Wy is the filtered heat release rate and fv denotes the volumetric inte-
gral over the whole computational domain V. Without NRP discharges, the
flame power oscillates around 700 W. However, when the electrical discharges
are turned on, the total heat released by the combustion increases gradually
during a transient period of approximately 10 ms (200 pulses) and then oscil-
lates around a value of 1600 W.

To identify the reasons of the flame power increase, the LES-resolved R and
total A flame surfaces are computed as (Veynante and Vervisch (2002)):

R:/\vcydv and A:/ E|VeldV (9.2)
14 \%4

where c is a progress variable defined from the temperature to reach 0 and 1
in the fresh and burnt gases, respectively. Two observations are made from
the analysis of the temporal evolution of R and A plotted in Fig. 9.10. First,
R is very close to A and in practice 95% of the flame wrinkling is resolved at
the LES scale. The grid resolution is here sufficiently fine to limit turbulent
combustion modeling errors. Second, the flame surface evolution follows the
same trend than the flame power plotted in Fig. 9.9.
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Figure 9.9: Temporal evolution of the total thermal flame power for cases NP (black)
and P (red).
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Figure 9.10: Temporal evolution of the flame surface for cases NP (black) and P
(red). Dashed lines represent the flame surface resolved at the LES filter scale, while
solid lines include also the subgrid flame wrinkling contribution.

The mean gains in power (np) and total flame surface (14) induced by the NRP
discharges are defined as:

np=(Pp)/(Pyp) and na=(Ap)/{Anp) (9.3)

where (@) denotes temporal averaging of variable p. P and N P subscripts refer
to simulations with and without plasma, respectively. To remove the transient
state following by the discharges activation, the mean gains are computed for
the period [7ms,20ms|. It comes that np = 2.13 and n4 = 1.54. The ra-
tio na/np = 0.72, which means that approximately 70 % of the gain in flame
power is explained by an increase of the total flame surface. As it will be shown
further, the rest of the gain (30%) is explained by a local increase of the heat
release (and the flame consumption speed) in the periphery of the bluff-body
recirculation zone.

9.4.2 Impact of NRP discharges on the heat release field

Figure. 9.11 shows two instantaneous snapshots from cases NP (left) and P
(right), taken at the same time instant t= 20 ms, of the flame surface ( de-
fined as the iso-surface of ¢* = 0.5) colored by the heat release. Without
NRP discharges, only a weak reaction zone limited to the recirculation zone
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behind the bluff body is visible. Indeed, because of the low burning velocity
under lean conditions, the flame front cannot propagate outside the recircu-
lation zone. Figure. 9.11 (right) plots the flame surface after 400 pulses. In
comparison with case NP, the heat released by the flame increased significantly
and the reaction zone extended downstream. As expected from the previous
global analysis, the flame surface is developed. The pulsation of the electrical
discharges enables the recirculation zone to act as a flame holder.

Non-assisted Plasma-assisted
flame [NP] flame [P]

3.5e+09
le+9 :I
le+8

Heat release rate [J/m3/s]

Figure 9.11: Instantaneous snapshots taken at the same time instant t= 20 ms of
c¢* = 0.5 iso-surface colored by the heat release for cases NP (left) and P (right).
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9.5 Comparison with the experiment

Quantitative comparisons between experiments and simulations are performed
to assess the ability of the model to capture the dynamics of the plasma inter-
action with the flame.

9.5.1 Gas Temperature at the center of the discharge

The gas temperature evolution at the center of the discharge obtained in the
simulation of the MiniPAC burner plasma assisted flame (case P), is shown in
Fig. 9.12. The temperature predicted at the beginning of pulse 1 corresponds
to the flame temperature without plasma. For a premixed methane-air flame
at an equivalence ratio ¢ = 0.8 and an initial temperature of 300 K at atmo-
spheric pressure, the adiabatic flame temperature is 1993 K which is consistent
with the simulation temperature of 1986 K. The cumulative effects of the train
of pulses at 20 kHz is responsible of a temperature increase of 1250 K over
the first 10 pulses approximately 0.5 ms. After that, a steady state is reached.
The temperature increases at each pulse by approximately 800 K, from 3200 K
to 4000 k then decreases before the following one by approximately the same
amount, from 4000 K to 3200 K.

The value of the temperature at the same location, center of the discharge,
has been measured by (Blanchard et al. (2021)) using spectroscopy emission
method. Figure. 9.13 shows the comparison between the measured values (black
square) and numerical results (red circles) corresponding to the discrete values
of the temperature at the measurement times, the beginning of the 10 first
pulses then the 25, 50, 100 and 250 pulse. The experiment and the numerical
simulation are in good agreement. The temperature increase over the first 10
discharges is indeed well observed experimentally and the steady state value is
also close to the measured one.

9.5.2 OH number densities

The second comparison concerns the evolution of OH profile along the line
that passes through the center of the discharge, 4.5 mm above the bluff body,
indicated in Fig. 9.14. The numerical results are compared to the OH-LIF
measurements obtained by (Minesi (2020)). The LIF intensity obtained in the
measurements is proportional to the density of the rotational state excited by
laser radiation, in this case, OH (X, v = 0, J = 3). A correction is applied to
the signal to determine the total OH density using Eq. (9.4) :
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Figure 9.12: Comparison between the temperature measured by spectroscopy emission
(black square) and the temperature obtained in the LES simulation (red line) at the
center of the discharge zone when NRP discharge is applied.
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Figure 9.13: Comparison between the temperature measured by spectroscopy emission
(black square) and the temperature obtained in the LES simulation (red circles) at the
beginning of the 10 first pulses then the 257 508", 100" and 250" pulse.
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Figure 9.14: Picture of the Mini-PAC burner taken with the ICCD camera (black
and white) with a non-saturated LIF signal superimposed (false colors). Extracted from
(Minesi (2020)).

The simulated OH number density (lines) is compared to the corrected LIF
signal (squares) in Fig. 9.15. The LIF signal and the OH number density are
normalized to match at the flame front (r = 5 mm) in the steady state of
the non-assisted flame used as the initial condition t = 0 ms, before the NRP
discharge deposition. The experimental and numerical values in this case, repre-
sented by grey squares and grey lines respectively, are in a very good agreement.
The OH density is null in the fresh gases (x> 5 mm). it increases and reaches
a maximum in the flame front (4 mm< x< 5 mm) then decrease slowly toward
the equilibrium in the burnt gases (x < 4 mm). When the NRP discharge
pulses are applied, the OH density increases. First in the discharge zone where
the energy is deposited, pulse 1 to pulse 10. Then, convected by the flow, in
all the region between discharge zone (center of the bluff-body) and the flame
front (edges of the bluff-body), pulse 10 to pulse 100. The comparison of the
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numerical results and the experiment measurements shows once more a good
agreement with a 4 times increase of the OH number density in the discharge
zone and 1.5 times increase in the flame front.

Figure. 9.15 shows also that the flame width, distance between the two flame
front, increases between pulse 20 and pulse 100 by approximately 0.4 mm. This
effect observed experimentally is also well capture by the numerical simulation.
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Figure 9.15: Comparison of normalized LES simulation OH number density (solid
lines) with the normalized corrected OH-LIF signal (colored squares) after the 1%¢, 5t
10t 20t 100" pulses.

The good agreement between the experimental measurements and the numeri-
cal results shows that the phenomenological model captures well the effects of
NRP discharges applied in flame burnt gases.

9.6 Conclusion

This chapter presents the first Large Eddy Simulations of turbulent premixed
flame stabilization by NRP discharges. The numerical investigations have been
conducted with phenomenological plasma model implemented in the CFD low-
Mach number code YALES2. The target configuration is the Mini-PAC burner,
a premixed bluff-body turbulent methane-air flame. The experimental study of
this configuration showed that at lean regime without the assistance of plasma
discharges the combustion is incomplete and only a small weak flame is ob-
served behind the bluff-body. For the same operating conditions, when NPR
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discharges are applied to the flame, the combustion is enhanced and the flame
surface and power are significantly increased.

The numerical simulations performed in this chapter have shown that without
NRP discharges, the reaction zone is limited to the low-velocity recirculation
zone that forms behind the bluff body. Because of the low burning velocity un-
der lean conditions, the flame front cannot propagate to high-velocity regions
outside the recirculation zone. Due to an incomplete combustion, a significant
amount of methane is not burnt. When NRP discharges are applied, the reac-
tivity is significantly increased in the recirculation zone which acts as a flame
holder allowing the flame to propagate downstream increasing the flame surface
and power.

To understand the interaction mechanisms between the plasma and that lead
to combustion enhancement a detailed numerical analysis is presented in the
next chapter.






Chapter 10

Mechanism of stabilization by
NRP discharges

In this chapter, Large Eddy Simulations of the Mini-PAC burner are
analyzed in order to understand the mechanisms of flame stabilization
by NRP discharges. Comparisons between the non-assisted flame case
(NP) and plasma-assisted flame case (P) are first performed to identify
the local and the global effects induced by the NRP discharges. A detailed
chemical investigation is then conducted to explain these effects and the
way they interact and enhance combustion.
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10.1 Introduction

The objectives of this study are to give new insights into the plasma flame
interaction mechanisms through the numerical analysis of the LES of plasma-
assisted turbulent combustion performed on the Mini-PAC configuration in
Chapter. 9

The chapter is divided in three sections. Investigation of the Mini-PAC plasma
assisted combustion simulations is conducted in Section. 10.2 to identify the
local and global effects induced by the NRP discharges. In Section. 10.3, de-
tailed chemical analyses conducted in the discharge zone and at the flame front
are preformed to understand and describe the plasma-flame interaction mecha-
nisms that lead to combustion enhancement. Finally the study conclusions are
summarized in Section. 10.4.

10.2 Global and local effects of NRP discharges.

To understand how the NRP discharges, located at the center of the bluff-body
of the Mini-PAC configuration, allows the enhancement of the combustion and
the development of the flame, it is first necessary to identify all the global and
local effects induced by NRP discharges.

Figure. 10.1 shows temperature 2-D instantaneous fields from the non-assisted
flame case NP (left) and the plasma-assisted flame case P (right), taken at the
same time instant t= 15 ms, after 300 pulses. Without NRP discharges, the
high temperature region, flame burnt gases with a temperature around 1950 K,
is limited to the recirculation zone above the bluff body. Occasionally, small
hot packets are released downstream without however allowing the flame to
propagate and develop. When NRP discharges are applied, an important in-
crease of the temperature is observed in the discharge zone, from 1950 K to
4000 K, and in all the zone below the electrode, temperature around 3500 K.
The high temperature region has extended outside the recircuation zone. A
similar comparison of the OH concentration 2-D fields at t= 15 ms is shown
in Fig. 10.2. In the NP case, the OH confined to the recirculation zone with
a small packets released from time to time has a concentration between 0.02
and 0.04 mol.m™3. When NRP discharges are applied, a significant production
of OH takes place in the discharge zone where the concentration reaches 0.15
mol.m™3. The increase of OH concentration extends to the whole area under
the electrodes and also downstream convected by the flow. As for the temper-
ature, the OH region has extended outside the recirculation zone. Finally the
heat release rate, indicative of the flame front, is shown for the two cases at
the same time instant in Fig. 10.3. As seen previously, in comparison with case
NP, the heat released by the assisted-flame increased significantly specially in
the recirculation zone where the effects of discharges, heat and chemical species
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production, are important and the reaction zone extended downstream.
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Figure 10.1: Instantaneous snapshots taken at the same time instant t= 15 ms of
the temperature for non-assisted flame case NP (left) and plasma-assisted flame case
P (right).

10.3 Chemical influence of NRP discharges

Average thermo-chemical quantities are computed over the period [10ms,20ms],
for both cases NP and P. Radial profiles then are extracted at the position in-
dicated in Fig. 10.3(left), located 4.5 mm above the bluff body, which crosses
both the center of the discharges and the bluff-body recirculation zone. Mean
radial heat release and methane consumption rates are plotted in Figs. 10.4
(top) and (bottom), respectively. The peak of heat release observed in both
NP and P cases corresponds to the flame reactive layer, whose position was also
evidenced in Fig. 9.11. The application of NRP discharges at the center of the
bluff-body (x=0) causes a significant increase of heat release rate in the reactive
layer located at 4 mm < r < 5 mm, which is accompanied by an increase of
the methane consumption. The methane source term and the heat release rate
are affected by the same factor (~2.2), which means that the increase of the
heat release rate is directly related to the increase of the methane consumption
when NRP discharges are applied.
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Figure 10.2: Instantaneous snapshots taken at the same time instant t= 15 ms of
the OH concentration for non-assisted flame case NP (left) and plasma-assisted flame
case P (right).

Figure. 10.5 shows the mean radial profile of temperature across the recircula-
tion zone. For case NP, the temperature of the burnt gases contained within the
recirculation zone is around 1950K which corresponds to the adiabatic flame
temperature of a methane-air mixture at an equivalence ratio of 0.8. However,
for the plasma-assisted flame, the mean temperature increases up to 3500K in
the plasma zone, where the thermal energy is deposited. This energy is con-
vected by the flow from the center to the periphery of the recirculation zone
and induces a temperature increase in the flame front, i.e. at 4 mm < r < 5 mm.

Figures. 10.6 and 10.7 plot the mass fraction of species HoO-CO2-02-CO and
OH-O-Hs-H, repectively. Without plasma, the chemical composition within the
recirculation zone corresponds to thermo-chemical equilibrium condition of the
methane-air mixture with equivalence ratio of 0.8. When plasma is activated,
both HyO et COq are highly consumed in the discharge zone. At the opposite,
the mass fractions of the other species, in particular O and OH, increases sig-
nificantly.

Figure. 10.8 (left) and (right) shows the chemical pathway diagram in the
plasma region during and after a pulse, respectively. The thickness of the arrow
is proportional to the reaction rates integrated within the discharge zone. As
discussed in Rusterholtz et al. (2013); Castela et al. (2016), Og is mainly disso-
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Figure 10.3: Instantaneous snapshots taken at the same time instant t= 15 ms of
the heat release rate for non-assisted flame case NP (left) and plasma-assisted flame
case P (right). The white line shows the position of radial profiles represented in the
following plots, 4.5 mm above the bluff body.
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Figure 10.4: Comparison of mean flame heat release rate (top) and mean CHy source

term (bottom) radial profiles 4.5 mm above the bluff body for cases NP (dashed black
line) and P (red line).
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Figure 10.5: Comparison of mean temperature at 4.5 mm above the bluff body for
cases NP (dashed black line) and P (red line).
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Figure 10.6: Comparison of mean species mass fractions (HyO, COsz, Oz, CO) at

4.5 mm above the bluff body for cases NP (dashed black line) and P (red line).
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Figure 10.7: Comparison of mean species mass fractions (OH, O, Hy, H) at 4.5 mm
above the bluff body for cases NP (dashed black line) and P (red line).
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Figure 10.8: chemical pathways in the discharge zone during (left) and after (right)
a pulse.

ciated into O atoms during an electric pulse (Fig. 10.8 (left)), by the relaxation
of nitrogen electronic state. The, the atomic oxygen produced by the discharge
reacts with HoO contained in the burnt gases to produce OH and H. As shown
in Figure. 10.8 (right), chemical pathways are completely different after the
pulse. COs3, the main reactant, is consumed by heat and radicals produced
during the pulse, leading to a production of CO, Ha, O2, O and OH. Fig. 10.6
and 10.7 show that, among the species produced in the discharge zone, those
with a long lifespan such as OH, Oy and Hy are convected up to the flame front
in large quantities. At the opposite, species with a shorter lifespan such as O,
H does not survive outside the discharge zone.

A second chemical analysis, shown in Fig. 10.9, is performed in the flame reac-
tive layer (4 mm < r < 5 mm) front to identify the CH4 consumption pathways
without and with NRP discharges. Without plasma, CH4 is mainly consumed
by OH, H and O trough the following three elementary reactions:

CHy+ OH — C'Hs + H,0O (R1>

CHy+ H — CHs + Hy (Rg)

CHy+ 0O — CHs+ OH (Rg)
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Figure 10.9: CH/ consumption pathways in the flame front without NRP discharges
(dashed black line) and with NRP discharges (red line).

The impact of the plasma on the rate of progress of reactions R, Ro and Rs
is indicated in Fig. 10.9. As discussed previously, NRP discharges supply the
reaction zone with OH, Ho and Os. The increase of OH concentration will
enhance directly the reaction Ry by 51%. Hy and Oy are dissociated into H
and O radicals in the flame reaction zone, increasing therefore also the rate of
reactions Ry and Rs by 27% and 21%, respectively.

In conclusion, the discharges produces heat and species (OH,Hz,05), which are
convected within the recirculation zone. Because of its longer lifespan, OH
is the main plasma-induced species that reaches the flame front and enhance
significantly the chemical reactivity at the flame basis surrounding the recircu-
lation zone. Such local increase of the reactivity enhances the heat release in
the periphery of the recirculation zone but also acts as a flame-holder which
enables the turbulent flame surface development, increasing the total combus-
tion efficiency.

10.4 Conclusion

The Large Eddy Simulations of the Mini-PAC burner flame stabilization by
NRP discharges have been analyzed in this chapter in order the identify and
understand the mechanisms of combustion enhancement by non-equilibrium
plasma. Comparisons between non-assisted flame and plasma-assisted flame
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showed that the NRP discharges pulses induce a significant increase of tem-
perature and an important production of radicals which will enhance the com-
bustion allowing the flame to propagate and develop in high-velocity regions
downstream the recirculation zone. A detailed chemical analysis of the simu-
lations results concludes the following mechanisms of interaction between the
NRP discharge and the turbulent premixed flame:

1. The electrical pulses generate a plasma in the discharge zone, which pro-
duces O atom and heat.

2. During the pulse, O reacts with HoO to form mainly OH, through the re-
action O+ HoO — 20H. After the pulse, CO5 reacts in the inter-electrode
region to form Ho and Os.

3. Because of their long lifespan, OH, Hy and Oy are the main plasma-
induced species convected to the flame front thanks to the bluff-body
recirculation zone.

4. OH, Hs and O4 are consumed with CH4 in the flame reactive layer sur-
rounding the recirculation zone and locally increase the flame heat release
rate. This local increase of the heat release in the vicinity of the recircu-
lation zone is responsible of 30% of the gain in flame power induced by
the plasma.

5. The local increase of heat release rate anchored the turbulent flame front
which can develop downstream.

6. The total flame surface is increased, increasing the combustion efficiency
by 70%.

These results are based on the assumption that Os dissociation is the key
chemical effect of plasma on combustion chemistry. Future works will aim to
challenge this hypothesis by extending the plasma combustion model to account
for the dissociation of other species present in the recirculating burnt gases, such
as CO9 and HoO dissociation induced by the discharge plasma chemistry.



Conclusion and perspectives

Plasma-assisted combustion model:

Experimental studies of plasma-assisted combustion have shown that Nanosec-
ond Repetitively Pulsed (NRP) discharges are a very efficient way to improve
flame ignition and stability in lean regimes. These discharges generate a non-
equilibrium plasma that induces a local heating and an important production of
active species sufficient to enhance the combustion. The aims of this thesis have
been to perform numerical simulations of turbulent flames ignition and stabi-
lization by NRP discharges in order to investigate and understand the mecha-
nisms of interaction plasma-flame that lead to combustion enhancement. The
simulations have been carried out using the phenomenological plasma model de-
veloped by Castela et al. (2016) to capture the effects of the NRP discharge on
combustion without solving the electric field and the detailed plasma chemistry
reducing therefore CPU cost of the computations. Based on detailed experi-
mental and numerical investigations of NRP discharges, the model considers
that the discharge power is split into three contributions: a chemical energy
that leads to ultra-fast dissociation of species O9 into O, a thermal energy that
leads to ultra-fast gas heating and a vibrational energy that will relax into gas
heating but with a higher time scale compared to the previous two phenomena.
The influence of these thermal and chemical effects on the flame are captured
through a dedicated source terms in energy and species balance equations and
by adding a balance equation for the vibrational energy. This model has been
implemented in the low-Mach CFD code YALES2. Results of different test
cases performed with YALES2 solver have been compared to previous experi-
mental and numerical results and have allowed the validation of the model.

Mechanisms of flame ignition by NRP discharges:

The dynamic of flame ignition by a single NRP discharge pulse has been previ-
ously investigated by Castela et al. (2017) using the phenomenological plasma
model. The simulations have shown that the fast energy deposition during the
pulse induces an entrainment of fresh gases towards the center of the discharge
channel. This phenomenon changes the topology of the hot ignition kernel gen-
erated by the pulse from an initial cylindrical shape to a toroidal one, which
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significantly reduces the temperature and the concentration of reactive species
inside the kernel and leads to its extinction. To cope with this dissipative hy-
drodynamic effect, Castela suggested to apply a series of pulses to supply, pulse
after pulse, the hot kernel with heat and radicals until the flame ignites. Fol-
lowing this study, the dynamic of flame ignition by a series of NRP discharge
pulses have been investigated in the present work. 3-D Large Eddy Simulations
(LES) of a flowing methane-air mixture ignition, the flow tunnel configuration,
have been performed. The results have shown that depending on the flow and
discharge parameters, three pulses interaction regimes can be obtained. A fully
coupled regime in which the pulses are deposited on top of each other, creating
a large ignition kernel that develops into a self-propagating flame. A partially
coupled regime in which the hot reactive kernel created by each pulse partially
merge, resulting on elongated shape kernel which only under very favorable
conditions develops into a self-sustaining flame but most of the cases fails to
ignite the reactive mixtures. A decoupled regime in which the generated kernel
are spaced apart and independent of each other. The kernels quench under
the discharge hydrodynamic effects and the flow turbulence and don’t lead to
a successful ignition. Results analysis has shown that the pulses interaction
regimes are controlled by two characteristic times. The residence time of the
gases in the discharge zone, which mainly depend on the flow velocity and the
inter-pulse time, the period between two consecutive pulses, given by the inverse
of the pulse repetition frequency (PRF). This study indicates that to operate
at a fully coupled pulses interaction regime and ensure an efficient ignition of
reactive mixtures the NRP discharges must be applied in low-velocity region at
high pulse repetition frequency.

The previous methodology that consists in coupling the phenomenological NRP
discharge model with the LES combustion formalism in the YALES2 code to
perform numerical simulations of plasma assisted combustion has been used
to simulate the ignition sequence of the Mini-PAC configuration, a bluff-body
turbulent premix burner representative of industrial combustors. The NRP
discharges have been applied in low-velocity recirculation zone that forms be-
hind the bluff-body at a pulse repetition frequency of 20 kHz to ensure a fully
coupled pulses interaction regime. Two cases have been considered. In the first
one, only the thermal effects, ultra-fast heating and slow heating due to the
vibrational energy relaxation, are taken in account. In the second one both
the thermal effects and the chemical effects due to O2 dissociation into O, are
taken in account. Results have shown that in the first case the ignition does
not occur even after 100 pulses. The cumulative effect of the NRP discharges is
affected by the fresh gases recirculation induced by the discharge which prevent
the temperature from reaching a sufficiently high value to allow ignition. In
the second case the ignition occurs after 5 pulses. Even though the tempera-
ture does not reach a high value, the presence of the radical O, a very active
species, produced by the discharges allows the oxidation of the methane and
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consequently the ignition of the flame.

The numerical simulations of the Mini-PAC and the flow-tunnel ignition by
NRP discharges have shown that ignition success or failure results from a com-
petition between the residence time of the reacting gases in the discharge chan-
nel and the combustion chemistry time scale. Based on this hypothesis, a low-
order model of flame ignition by NRP discharge has been derived. In this model,
NRP discharges are applied in perfectly stirred reactor (PSR) whose volume
matches the discharge channel of diameter, to ignite the methane-air mixture
continuously injected inside the reactor. The flow of gas passing through the
PSR reproduces the gases circulation in the discharge zone. The model has
been used to build-up plasma-assisted ignition diagrams which indicate the
number of pulses, the ignition delay and the total deposited energy required to
ignite the hydrocarbon-air mixture inside the reactor as a function of gases res-
idence time. Parametric studies have been performed to investigate the impact
of O production and the discharge parameters: pulse energy, pulse repetition
frequency, on the efficiency of the ignition process. The results have confirmed
that the atomic O produced during the discharge enhances the methane oxida-
tion reactions, reducing the combustion chemistry time scale and leading to a
successful ignition. The results have also shown that the most energy-efficient
way to ensure an significant production of atomic O consist on applying the
pulses at high repetition frequencies.

Mechanisms of flame stabilization by NRP discharges:

The last part of this work have been dedicated to the study of the mecha-
nisms of flames stabilization by NRP discharges. To understand the physical
and chemical mechanisms involved in plasma-assisted combustion, 3-D Large
Eddy Simulations (LES) of a lean bluff-body turbulent premixed methane-air
flame stabilization by NRP discharges, the Mini-PAC configuration, have been
conducted. The numerical simulations performed using the phenomenological
plasma model implemented in the YALES2 code, have shown that without
NRP discharges, the flame is confined in the low-velocity recirculation zone
that forms behind the bluff body. Due to the low burning velocity under lean
conditions, the flame front cannot propagate to high-velocity regions outside
the recirculation zone. The combustion in this case is incomplete and a sig-
nificant amount of methane is not burnt. When NRP discharges are applied,
the reactivity is significantly increased in the recirculation zone which acts as a
flame holder allowing the flame to propagate downstream increasing the flame
surface and power.

The chemical analysis performed at the flame basis have shown that the heat
and the radical O produced by NRP discharges induce the dissociation of main
burnt gases species HoO and CO; into radicals OH, H, CO, O and species
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Hy, Os. The species with long lifespan OH, Hs and Os are convected from
the center of the bluff-body recirculation zone to the flame front where they
are consumed increasing the chemical reactivity. This causes a local increase
of heat release rate that attaches the turbulent flame front which can develop
downstream.

Perspectives:

The numerical investigation of flames ignition and stabilization by NRP dis-
charges have shown that the major interest of these discharges is the signifi-
cant production of radical species which directly interact with the combustion
chemistry mechanism. Two mechanisms of interaction plasma flame have been
identified. When NRP discharges are applied in fresh gas, a mixture of air and
hydrocarbon, the enhancement of the combustion is done through the reaction
of O radical produced by the discharge and the fuel. When the discharges are
applied in burnt gases, containing combustion products HyO, CO,, the inter-
action and the enhancement of the combustion is done through the OH species
which has a longer life span than the O species and can therefore propagate over
a longer distance to the place containing fuel. A comparison between these two
interaction mechanisms could be carried out in the future in order to identify
which one is the more efficient in terms of combustion enhancement but also
in term of energy consumption. This will allow to know if the NRP discharges
should be applied in the fresh gases or in the burnt gases which will condition
the positioning of the electrodes in future combustion systems.

The extension of the Lean Blow-Out (LBO) limit observed by Barbosa et al.
(2015) in the BIMER configuration, a rectangular cross section combustion
chamber equipped with a two-stage aeronautical multipoint swirl injector, could
be investigated numerically using the phenomenological plasma model in order
to identify and understand the mechanisms involved in this process.

Future works should also focus on the improvement of the phenomenological
plasma model. The simulations have here been performed by assuming that
the production of O species is the only chemical effect induced by the NRP
discharge. This assumption is not restrictive with respect to the modeling
strategy, which can be extended to account for other radicals production and
possible fuel dissociation induced by the plasma discharge.

Another aspect to improve concerns the prediction of pollutant emissions in
plasma assisted combustion simulations. The combustion kinetic schemes used
in the simulations should include species such as NOx and/or soot in order to
examine the impact of the NRP discharges on their formation mechanisms and
be able to estimate their total production and thus see if plasma assisted lean
combustion can effectively reduce pollutant emissions.
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Finally, while this study has allowed to understand the mechanisms of ignition
and stabilization by NRP discharges of fossil-fuel lames which also apply to the
future e-fuel flames due to their similarities in term of chemical properties and
reaction pathways, the mechanisms that intervene in the case of hydrogen and
ammonia flame and their efficiency remain not well known nor understood. Nu-
merical research projects such as the PLasma-Assisted combustion of Turbulent
HydrOgeN flames (PLATHON) project proposed by Benoit Fiorina could be
conducted using the phenomenological plasma model to answer these questions.






Synthése en Francais

Introduction

La réduction des émissions polluantes dans les moteurs d’avion et les turbines a
gaz est devenue un enjeu majeur pour les industriels en raison des réglementa-
tions environnementales de plus en plus accrues. Une solution efficace pour ré-
duire la formation de polluants tel que les oxydes d’azote (NO,) consiste main-
tenir une température de flamme relativement faible a 'intérieur des chambres
de combustion, ce qui peut étre réalisé en utilisant des systémes de combus-
tion pré-mélangés opérant dans des régimes pauvres. Cependant, Opérer a de
faibles températures de combustion & pour conséquence le ralentissement des
réactions chimiques ce qui entraine souvent une combustion incompléte, des
difficultés a initier la combustion ainsi que ’apparition d’instabilités de com-
bustion qui peuvent conduire dans certains cas & I'extinction de flammes, ce
qui pose probléme en terme de sécurité.

Une solution prometteuse pour initier la combustion et améliorer la stabilité
de flammes en régimes pauvres, consiste a appliquer des décharges électriques
a la base de la flamme (Starikovskiy and Aleksandrov (2013); Ju and Sun
(2015)). Les décharges électriques générent localement un plasma hors équilibre
qui interagit avec le mélange réactif et améliore considérablement le processus
d’allumage et la stabilité des flammes dans une large gamme d’applications de
combustion (Starikovskiy and Aleksandrov (2013); Ju and Sun (2015)).

Parmi les différents types de décharges, les décharges NRP (Nanosecond Repet-
itively Pulsed discharges Kruger et al. (2002)) se sont révélées particuliérement
efficace pour initier et controler les processus de combustion (Bak et al. (2012);
Xu et al. (2015); Lefkowitz and Ombrello (2017); Kim et al. (2020); Choe et al.
(2021)). Dans la plupart des cas rapportés dans la littérature, les plasmas de
non-équilibre pour ’allumage et la stabilisation de la flamme sont obtenus typ-
iquement avec une puissance d’au plus 1% de la puissance libérée par la flamme
(Pilla et al. (2006); Barbosa et al. (2015); Blanchard et al. (2021); Di Sabatino
and Lacoste (2020)). La bonne efficacité d’un tel procédé est due au fait que
I’énergie de la décharge électrique est dépensée pour 'ionisation, ’excitation et



176 SYNTHESE EN FRANGAIS

la dissociation des molécules plutét que de simplement augmenter la tempéra-
ture du gaz (Stancu et al. (2010); Montello et al. (2013)). La relaxation des
molécules excitées par des réactions d’extinction par collision avec des molécules
entraine une augmentation ultra-rapide (quelques nanosecondes) des radicaux
et de la température du gaz a U'intérieur du canal de décharge (Lo et al. (2012);
Rusterholtz et al. (2013); Adamovich et al. (2015)) . Dans des conditions typ-
iques, jusqu’a 35% de 'oxygéne moléculaire peut étre dissocié dans la région
inter-électrode (Rusterholtz et al. (2013); Popov (2013a)). Une telle concentra-
tion élevée de radicaux a un effet positif & la fois sur les phénomeénes d’allumage
et sur la stabilisation de la flamme.

Malgré cette efficacité prouvée, les mécanismes fondamentaux de la combustion
assistée par plasma ne sont pas bien compris. De méme, les outils numériques
dont les ingénieurs ont besoin pour évaluer les performances des décharges
NRP dans des configurations industrielles n’existent pas. Pour répondre & ces
questionnements et besoins, le projet ANR PASTEC (Plasma-ASsiTEd Com-
bustion) a été mis en place avec pour objectif le développement et la validatio
contre des expériences d’une stratégies de modélisation adaptée pour la réali-
sation de simulations de combustion assistée par plasma dans des systémes de
combustion turbulents réalistes. Les simulations permettront de mieux com-
prendre les mécanismes d’interaction plasma-flamme.

Objectifs et plan de la thése

Cette travaux de thése s’inscrivent dans le cadre du projet PASTEC et ont pour
objectif le développement, la mise en place et la validation d’une stratégie de
modélisation numérique adaptée a la simulation de la combustion assistée par
plasma dans des configurations académiques et industrielles. La stratégie ainsi
développée est utilisée pour réaliser des simulations d’allumage et de stabilisa-
tion de flammes par des décharges NRP dont les résultats sont ensuite analysés
pour comprendre les mécanismes d’interaction entre les décharges plasma et la
combustion.

Le manuscrit est divisé en trois parties:

Partie I: est consacré a 1’élaboration, I'implémentation et la validation d’une
stratégie de modélisation pour la simulation de la combustion assistée par
plasma. Le chapitre. 2, présente les différents types de décharges plasma et
leurs caractéristiques, en mettant l'accent sur la décharge NRP (Nanosecond
Repetitively Pulsed) et leurs effets sur la combustion. Les modéles numériques
conventionnels de combustion assistée par plasma et leurs limites sont ensuite
passés en revue. Enfin, un nouveau modéle phénoménologique de plasma est
introduit et décrit. Ce modéle est retenu dans ces travaux pour réaliser des
simulations 3-D de la combustion assistée par plasma. Dans le chapitre. 3,



SYNTHESE EN FRANGAIS 177

le code YALES?2 utilisé pour les simulations est présenté. Les principes fon-
damentaux de la modélisation de la combustion turbulente sont briévement
décris. L’approche LES et le modéle de combustion turbulente TFLES sont
ensuite détaillés. Enfin, le couplage entre ’ensemble des équations LES et le
modéle phénoménologique de décharge du NRP est présenté et validé a travers
une série de cas test.

La partie II: est consacrée a 1’étude numérique d’allumage de flammes par
décharges NRP. Le chapitre. 4 discute des limites des dispositifs d’allumage con-
ventionnels et des avantages des décharges NRP pour I'allumage des chambres
de combustion pauvres. Une étude numérique tridimensionnelle de ’allumage
d’une flamme par une seule impulsion de décharge NRP et de 'impact des effets
hydrodynamiques de la décharge, réalisée a ’aide du modéle phénoménologique
de plasma, est ensuite présentée. Le chapitre. 5 est consacré a la simula-
tion de 'allumage de la configuration "flow-tunnel" par une série d’impulsions
de décharge NRP et & I’étude de l'impact des paramétres d’écoulement et
de la décharge sur lefficacité de 'allumage. Dans le chapitre. 6, le modéle
phénoménologique de décharge NRP est utilisé pour simuler 'allumage d’un
brileur pré-mélangé turbulent, la configuration Mini-PAC, représentative des
brileurs industriels. Les résultats de la simulation sont analysés pour identifier
les mécanismes d’interaction entre les effets thermiques et chimiques induits
par les décharges et la cinétique de combustion. Dans le chapitre. 7, un mod-
éle d’ordre bas d’allumage assisté par plasma basé sur un réacteur parfaite-
ment agité (PSR) est dérivé. Le modeéle est utilisé pour réaliser des études
paramétriques d’allumage de flammes par décharges NRP afin d’identifier les
paramétres optimaux & utiliser pour initier la combustion.

La partie III: est consacrée a I’étude numérique de la stabilisation de flammes
par décharges NRP. Une revue des expériences récentes de combustion assistée
par plasma réalisées avec des décharges NRP est présentée dans le chapitre. 8.
Dans le chapitre. 9, des simulations numériques de la stabilisation de flamme
turbulente par décharge NRP sont effectuées sur la configuration Mini-PAC en
utilisant le modéle phénoménologique de plasma. Les résultats sont comparés
aux mesures expérimentales obtenues dans le cadre du projet PASTEC. Dans
le chapitre. 10, une analyse chimique détaillée des simulations Mini-PAC est
menée afin de comprendre les mécanismes de stabilisation de la flamme par les
décharges NRP.

Conclusions générales
Partie I: Modéle de combustion assistée par plasma

Les études expérimentales de la combustion assistée par plasma ont montré que
les décharges NRP sont un moyen trés efficace pour améliorer I’allumage et la
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stabilité de flammes dans les régimes de combustion pauvres. Ces décharges
générent un plasma hors-équilibre qui induit un échauffement local et une pro-
duction importante d’espéces réactives suffisantes pour améliorer la combus-
tion. Afin d’étudier et comprendre les mécanismes d’interaction plasma-flamme
qui conduisent & ’amélioration de la combustion, des simulations numériques
d’allumage et de stabilisation de flammes par décharges NRP ont été effectuées
en utilisant le modéle phénoménologique de plasma développé par Castela et al.
(2016) pour capturer les effets de la décharge NRP sur la combustion sans ré-
soudre le champ électrique et la chimie détaillée du plasma réduisant ainsi
le cotit CPU des calculs. Basé sur des études expérimentales et numériques
détaillées des décharges NRP, le modéle considére que I'énergie déposée par la
décharge peut étre divisée en trois contributions : une énergie chimique qui con-
duit & une dissociation ultra-rapide de ’espéce Oz en O, une énergie thermique
qui conduit & un chauffage ultra-rapide du gaz et une énergie vibrationnelle
qui se relaxe en chaleur mais avec des échelles de temps plus élevées par rap-
port aux deux phénoménes précédents. L’influence de ces effets thermiques et
chimiques sur la combustion est capturée par des termes sources dédiés dans les
équations de transport d’énergie et d’espéces et par I'ajout d’une équation de
bilan pour ’énergie vibrationnelle. Ce modéle a été implémenté dans le code
CFD YALES2. Les résultats de différents cas d’essai réalisés avec le solveur
YALES2 ont été comparés aux résultats expérimentaux et numériques et ont
permis la validation du modéle.

Partie II: Mécanismes d’allumage de flammes par décharges NRP

La dynamique d’allumage de flamme par une seule impulsion de décharge NRP
a été étudiée précédemment par Castela et al. (2017) en utilisant le mod-
éle phénoménologique de plasma. Les simulations ont montré que le dépot
rapide d’énergie pendant I'impulsion induit une recirculation des gaz avec un
entrainement de gaz frais vers le centre de la décharge. Ce phénoméne change
la topologie du noyau d’allumage crée par 'impulsion qui évolue, sous l'effet de
I’entrainement des gaz, de sa forme initiale cylindrique a une forme toroidale.
Ceci a pour conséquence la décroissance rapide de la température et de la con-
centration des espéces réactives a l'intérieur du noyau qui finit par s’éteindre.
Pour faire face & ces effets hydrodynamiques dissipatifs, Castela a proposé
d’appliquer une série d’impulsions pour alimenter, impulsion aprés impulsion,
le noyau en chaleur et en radicaux jusqu’a 'allumage de la flamme. La dy-
namique de 'allumage de flammes par une série d’impulsions de décharge NRP
a été étudiée dans le présent travail. Des simulations LES (Large Eddy Simu-
lations) 3-D d’allumage d’un écoulement de méthane-air, injecté dans la cham-
bre de combustion "flow-tunnel", ont été réalisées. Les résultats ont montré
qu’en fonction des paramétres de I’écoulement et de la décharge, trois régimes
d’interaction des impulsions peuvent étre obtenus. Un régime entiérement cou-
plé dans lequel les impulsions sont déposées les unes sur les autres, créant
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un noyau d’allumage volumineux qui se développe en une flamme. Un régime
partiellement couplé dans lequel les noyaux réactifs chauds créés par chaque im-
pulsion fusionnent partiellement, créant un noyau de forme allongée qui peut
évoluer dans des conditions trés favorables en une flamme. Un régime découplé
dans lequel les noyaux générés sont espacés et indépendants les uns des autres.
Les noyaux s’éteignent sous l'effet des effets hydrodynamiques de la décharge
et de la turbulence de I’écoulement et ne conduisent pas & un allumage réussi.
L’analyse des résultats a montré que les régimes d’interaction des impulsions
sont controlés par deux temps caractéristiques. Le temps de séjour des gaz dans
la zone de décharge, qui dépend principalement de la vitesse de 1’écoulement, et
le temps inter-impulsion, la période entre deux impulsions consécutives, don-
née par l'inverse de la fréquence de répétition des impulsions. Cette étude
indique que pour fonctionner dans un régime d’interaction d’impulsions en-
tiérement couplées et garantir ainsi un allumage efficace des mélanges réactifs,
les décharges NRP doivent étre appliquées dans une région a faible vitesse a
une fréquence de répétition des impulsions élevée.

La méthodologie précédente qui consiste a coupler le modéle phénoménologique
de décharge NRP avec le formalisme de combustion LES dans le code YALES2,
a ensuite été utilisée pour simuler la séquence d’allumage de la configuration
Mini-PAC, un brileur pré-mélangé turbulent avec accroche flamme représen-
tatif des brtleurs industriels. Les décharges NRP ont été appliquées dans la
zone de recirculation a faible vitesse qui se forme derriére ’accroche flamme a
une fréquence de répétition des impulsions de 20 kHz pour assurer un régime
d’interaction des impulsions entiérement couplées. Deux cas ont été consid-
érés. Dans le premier, seuls les effets thermiques, le chauffage ultra-rapide et
le chauffage lent di & la relaxation de I’énergie vibratoire, sont pris en compte.
Dans le second, les effets thermiques et les effets chimiques avec la dissociation
de O3 en O sont pris en compte. Les résultats ont montré que dans le premier
cas, l'allumage n’est pas réussi méme aprés 100 impulsions. L’effet cumulatif
des décharges du NRP est affecté par la recirculation des gaz frais induite par
la décharge qui empéche la température d’atteindre une valeur suffisamment
élevée pour permettre ’allumage. Dans le second cas, ’allumage se produit
aprés 5 impulsions. Méme si la température n’atteint pas une valeur élevée,
la présence du radical O, une espéce tres réactive, produite par la décharge
permet P'oxydation du méthane et par conséquent 'allumage de la flamme.

Les simulations numériques de 'allumage du Mini-PAC et du flow-tunnel par
décharges NRP ont montré que le succés ou I’échec de ’allumage résulte d’une
compétition entre le temps de résidence des gaz chauds réactifs dans la zone de
décharge et I’échelle de temps de la chimie de la combustion. Sur la base de cette
hypothése, un modéle d’ordre bas d’allumage de flamme par décharge NRP a
été dérivé. Dans ce modéle, les décharges NRP sont appliquées dans un réacteur
parfaitement agité (PSR) dont le volume correspond au diamétre du la zone de
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décharge, pour allumer le mélange méthane-air injecté en continu a l'intérieur
du réacteur. Le flux de gaz traversant le PSR reproduit la circulation des gaz
dans la zone de décharge. Le modéle a été utilisé pour établir des diagrammes
d’allumage assisté par plasma qui indiquent le nombre d’impulsions, le délai
d’allumage et I’énergie totale déposée nécessaire pour enflammer le mélange
hydrocarbure-air & 'intérieur du réacteur en fonction du temps de séjour des
gaz. Des études paramétriques ont été réalisées pour étudier I'impact de la pro-
duction d’O et des paramétres de décharge : énergie des impulsions, fréquence
de répétition des impulsions, sur l'efficacité du processus d’allumage. Les ré-
sultats ont confirmé que 'O atomique produit pendant la décharge renforce
les réactions d’oxydation du méthane, réduisant ainsi I’échelle de temps de la
chimie de la combustion et conduisant & un allumage réussi. Les résultats ont
également montré que la maniére la plus efficace en terme d’énergie pour assurer
une production significative d’O atomique, consiste & appliquer les impulsions
& des fréquences de répétition élevées.

Partie III: Mécanismes de stabilisation de flammes par décharges
NRP

La derniére partie de ce travail a été consacrée a I’étude des mécanismes de sta-
bilisation des flammes par les décharges NRP. Afin de comprendre les mécan-
ismes physiques et chimiques impliqués dans la combustion assistée par plasma,
des simulations 3-D a grandes échelles (LES) d’une flamme pré-mélangée méthane-
air turbulente et pauvre, la configuration Mini-PAC, ont été réalisées. Les
simulations numériques réalisées en utilisant le modéle phénoménologique de
plasma implémenté dans le code YALES2, ont montré que sans les décharges
NRP, la flamme est confinée dans la zone de recirculation a faible vitesse qui se
forme derriére I’accroche flamme. En raison de la faible vitesse de combustion
dans des conditions pauvres, le front de flamme ne peut pas se propager vers
des régions a haute vitesse en dehors de la zone de recirculation. Dans ce cas,
la combustion est incompléte et une quantité importante de méthane n’est pas
briilée. Lorsque des décharges NRP sont appliquées, la réactivité du mélange
est significativement augmentée dans la zone de recirculation ce qui augmente
la vitesse de la flamme permettant & cette derniére de se propager en aval,
augmentant & la fois la surface et la puissance de la flamme.

L’analyse chimique réalisée a la base de la flamme a montré que la chaleur et le
radical O produit par les décharges NRP induisent la dissociation des espéces
présentent dans les gaz brilés HoO et COy en radicaux OH, H, CO, O et es-
péces Ha, Oo. Les espéces a longue durée de vie tel que le OH, Hy et Oy sont
transportées du centre de la zone de décharge vers le front de flamme ou elles
réagissent avec le CHy, ce qui augmente la réactivité chimique. Cela provoque
une augmentation locale du taux de dégagement de chaleur et de la vitesse de
flamme lui permettant de de propager en aval dans les zone de haute vitesse.
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Conclusion

L’étude numérique de I'allumage et de la stabilisation des flammes par décharges
NRP a montré que l'intérét majeur de ces décharges est la production impor-
tante d’espéces radicalaires qui interagissent directement avec la chimie de la
combustion. Deux mécanismes d’interaction plasma-flamme ont été identifiés.
Lorsque les décharges NRP sont appliquées dans un gaz frais, mélange d’air et
d’hydrocarbure, 'amélioration de la combustion se fait par la réaction du rad-
ical O produit par la décharge avec le combustible. Lorsque les décharges sont
appliquées dans des gaz briilés, contenant des produits de combustion HyO,
COa, l'interaction et I’amélioration de la combustion se font par 'intermédiaire
de T'espéce OH qui a une durée de vie plus longue que les espéces O et qui
peut donc se propager sur de longue distance vers ’endroit contenant du com-
bustible.
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